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Preface to the Second Revised Edition 


ў The first edition of this book has been used by many colleges and universities. From 

the comments I received from various teacher friends and students, I am happy that the book 
has served a dual role, first being that of basic principles on digital computer hardware 
design while the second of microprocessor. Although the chapter on microprocessors was not 
intended initially but it was included due to importance of this new technology. Keeping 
these in view a complete new chapter has been included in the second edition which deals 
with microprocessor 1/O interfacing. The inclusion of this chapter will help many in 
understanding and building microprocessor based systems, which forms a technology of today 
sweeping the entire world. I thank my publishers for bringing out the new edition. 


М.Е. Bhujade 


Preface to the First Edition 


This book has evolved through the author's experience in teaching the undergraduate 
а postgraduate courses іп Digital Computers, Digital Computer Components, Digital 
omputer Architecture and Digital Computer Fundamentals at indian Institute of 
: nology, Bombay. The material presented in this book is class room tested through a 
ries of lecture notes. 
The chapters on Number Systems, Boolean Algebra, Logic Design and Digital Systems 
uilding Blocks form the pre-requisite to understand the Digital Computer Design Principles 
das such must be mastered thoroughly. There are number of chapters on computer 
ithmetic. The purpose of devoting separate chapters on arithmetic is three-fold. Firstly, 
e depth in which the topics on arithmetic are discussed is higher than that one would find in 
y text book on the subject. Secondly, with the advent of microprocessor, the detailed 
owledge of these topics is required by a microprocessor based system designer, who has to 
develop software programs to carry out arithmetic Thirdly, to carry out the micropro- 
mmed design of a CPU, a good knowledge of these topics is a must (guess why ?). 
The chapters on memories bring out the understanding and design principles of 
ditional core memories as well as the latest semiconductor memories. The chapters on 
“фошршег Architecture, Processor Design and I/O Systems bring out the basic principles 
volved in working and design of digital computers with various facilities. А reader having 
e knowledge of the material in these chapters shall be able to understand the literature and 
Бе of any computer (including microprocessors) in the machine/assembly language level. 
separate chapter оп microprocessors gives complete discussion of 8080 and. 8035 micro- 
rocessors. The microprocessors are chosen for discussion due to-their popularity. 


The book besides serving as a text оп Digital Computer Hardware Design can also 
rve. the electronié/computer engineers in industries who have to deal with computer hard- 
are or computer based equipments. - 

1 An undergraduate one semester course could be planned around this book covering 
“Fhapters 1, 2, 3, 4, 5, 9 and introducing the material from remaining chapters briefly. А post- 
"MMraduate course on computer hardware design principles could be planned which тау 
clude all the chapters of the book. ! the course assumes the background in logic circuits, 
"]hapters 3 and 4 could be omitted and more emphasis given on microprocessors. 
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INTRODUCTION 


. A DIGITAL COMPUTER 


ПАН computer is a machine which 
processes digital information. Information 
ocessing is any useful transformation of 
ta to produce the output data. Early 
mputers (1945) were designed and used by 
entists and engineers às computational 
918 for solving complex mathematical and 
merical problems. However, ability of 
»se machines to solve other problems was 
cognised later and computers were soon 
ed in diverse applicátions like banking, 
ventory control, pay roll, air line reserva- 
n systems, process control, message switch- 
з systems, etc. 


The basic power of a digital computer lies 
its capability to store, retrieve and 
anipulate data at a very high speed. 
ithout committing a single mistake, com- 
ters can retrieve, manipulate and store 
llions of numbers in few seconds. 


Modern digital computer system comprises 
number of hardware and software compo- 
nts. In early computers, electronic 
irdware of computers was built using 
cuum tube devices. These computers were 
e first generation machines. With the 
scovery of the transistor (a semiconductor 
vice), computer hardware was designed and 
lilt using these devices. This was the second 
пегайпоп of computers, Іп early 60's, 
tegrated circuits were developed which 
lowed the packing of a large number of 
ansistors, diodes, resistors etc., in a small 
ntegrated Circuit (IC) chip. The third 


generation of computers use integrated 
circuits as building blocks, The latest com- 
puters (fourth generation) are built using 
very large scale integrated (VLSI) circuit 
chips, each chip having a large number of 
circuit components. These changes in the 
technology made the hardware of computers 
progressively cheaper which resulted in the 
development of computer systems with 
considerably higher complexities. Although 
the computer generations, are attributed to 
the hardware technology, there are implicit 
changes in the architectural and other features 
of computers through the generations, 


The hardware of a computer system is 
composed of a number of equipments made 
of electronic, electromagnetic and electro- 
mechanical components. On the other hand 
software components of a system are ‘pro- 
grams’ which make possible the effective 
utilisation of the computer system by users 
who are not required to have the knowledge 
of the electronics or inner elements of the 
computer system, 


1.2. HARDWARE COMPONENTS 
A digital computer is typically equipped 
with the following hardware components : 
*Central Processing Unit (CPU) or 
Processor 
*Main Memory or Primary Memory 
*Secondary Memory 
*Input and Output Devices 
*Channels 


A brief introduction to the above com- 
ponents is presented in this section. 
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1.21. Central Processing Unit (CPU) 


The CPU facilitates processing of the 
information. It executes a series of basic 
commands called instructions, A set of such 
instructions available on a processor consti- 
tutes its machine language. Each instruction 
in the machine language is a coded descrip- 
tion of an operation which is to be performed 
by the CPU. These basic operations are 
seldom more complex than multiplication of 
two numbers. А complex operation has to 
be broken down into a sequence of machine 
language instructions so that the overall 
effect of these, if executed in proper sequence 
would yield the result, The list of instructions 
thus formed is called a program. 


A CPU has two basic components, viz., 
(i) Arithmetic Logic Unit (ALU) and (ii) 
Control Unit (CU), ALU carries out the 
arithmetical and logical operations on the 
data supplied to it by the control unit, 
Control unit is designed such that the 


Storage locations 


Write operation puts da 
in the location 


Read operation gets data 
in MBR 


FIG 1:1 MAIN MEMORY SCHEMATIC 
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processor automatically executes 
language instructions stored in 

memory of the computer. This 
bringing the instruction from 

memory into the CPU, decoding 
instructing other units inthe com 
electronic signals to carry out their 
specified sequence depending on the 
tion being executed. 


1.2.2. Main (Primary) Memory (М 


Main memory of a computer 
storage for data and instructions on 
the CPU operates, For more tha 
decades, magnetic cores bave domina 
storage medium used in main me 
However, with the advent of semico: 
large scale integrated circuit tech 
semiconductor memories have © 
replaced the core memories, 


Main memory of a computer is or, 
as a number of storage ‘locations 
location being capable of storing one n 


Location NO 


Address 
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һе access to the required location із 
rovided by assigning another number, called 
ddress of the location. Main memory has 
register called memory address register 
MAR) to hold the address of the location to 
е accessed, The memory also has an input- 
utput portthrough which the data transfer 
akes place to and from the addressed 
ocation, This рогі is known as Memory 
juffer Register (MBR) or Memory Data 
tegister (MDR). Fig. 1.1 shows the schematic 
f a main memory, 


,23. Secondary Memories 


These аге storage devices which have very 
iigh storage capacity. Magnetic tapes, drums 
nd disks are the commonly used devices for 
his purpose, These devices can store large 
mount of data, but the access methods are 
omplex and require considerably more time 
ompared to that of the main memory. 
Another feature is that, the basic unit of data 
ransfer is а block (number of data items) 
nstead of individual items. The recording 
угіпсіріе here is the magnetisation of magne- 
ic material due to the clectric currents 
'enerated in accordance with the data being 
ecorded, 


.24, Input/Output (1/0) Devices 


The I/O devices are used for data transfer 
etween a user and a computer system. Most 
ommonly used input devices are card readers 
nd paper tape/magnetic tape devices. А 
ser punches his program and data on cards 
or а paper tape) and these are fed to the 
evice which recognises the punchings on 
ards/tape and transmit this data to the CPU 
rmain memory in the acceptable form. 
imilarly results are printed on a printer. 
‘eleprinters ог CRT terminals are also 
ommonly used in ‘time sharing systems’ 
/їеге a number of users can be interactively 
erved simultaneously by the computer 
ystem. These devices allow ‘on-line’ com- 
punication between users and computer 
ystem. 


The I/O devices are connected to the 
computer through their controllers. А device 
controller initiates a device for I/O opera- 
Поп and provides the necessary contro] to 
carry out the effective communication between 
the computer and tbe device. 


125. 1/0 Channels 


In early computers, data transfer between 
the main memory and the I/O devices used to 
be carried out by the CPU itself. The I/O 
devices being considerably slower than the 
CPU, the overall *throughput' thus will be 
limited, due to the waste of the processor 
time in waiting for the completion of an I/O 
operation, To avoid this, later computers 
are provided with channels to look after the 
IJO operations. In some systems special 
processor/processors are ‘assigned for the 
purpose of handling I/O operations. These 
processors are called peripheral processors or 
1/O processors. 

13. SOFTWARE COMPONENTS 


Bare hardware components of the system 
cannot be used, unless, the system is provid- 
ed with some supporting programs. These 
programs provide better communication 
interface between a user and system, without 
which machine will have to be programmed in 
its machine language ; thus restricting its use 
only to the users who can do machine langu- 
age prograniming. The following software 
programs are commonly available which are 
introduced in this section. 

*Assembler 

*Compiler 

*Operating System 

*Application Programs. 


1.3.1. Assembler 

Basic instructions and data upon which 
a processor operates are coded as numbers. 
Therefore, іо write a program for solving a 
problem (without any machine aid) user has 
to write programs constituted of series of 
numbers. Such a coding of problem ‘algo- 
rithm’ is cumbersome and thus will restrict 
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users only to those persons who can code 
the problem in machine language. To aid 
users, the first step in system software was the 
development of assembly languages. An 
assembly language allows the coding of pro- 
grams with the help of names (mnemonics) 
instead of numbers. These mnemonics are 
used in place of numbers to indicate uniquely 
the operations and operands (addresses). For 
example, a machine language instruction 
say 051000 indicating the addition operation 
on the ‘accumulator’ and а variable X in the 
location 1000 may be written as ADD X. 
Assembly language nrograms are thus easier 
to write and understand than machine 
language programs. 


А program written in the assembly langu- 
age cannot be executed by the processor 
directly, since it can execute only its machine 
language program. But if it is translated into 
the machine language equivalent then the 
CPU can execute the translated program. 
Who will do this translation ? Well, computer 
itself could be programmed (may be in its 
machine language) to carry out this task. 
This program is called Assembler and is 
usually supplied by the manufacturer, 
Modern Assemblers not only provide the user 
with the symbolic language, but also allow 
more instructions, (user defined) in the assem- 
bly language than available on a bare (hard- 
ware) machine. These are called macros. 
A macro instruction when assembled (trans- 
lated) is composed of a number of machine 
instructions which jointly carry out the opera- 
tion of the macroinstruction. 


1.3.2. Compilers 


The ability of a computer as a translator 
to translate the symbolic language (Assembly) 
into machine language, led to the universal 
use of coraputers. This was made possible 
by providing various languages suitable for 
Solving various classes of problems. For 
example, FORTRAN language is available 
for scientific computations, while COBOL 
language is used for business data processing. 
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These languages are called higher levei »ro- 
gramming languages. A program writt > iu 
a higher level language can be translated 
into a machine language by a special program, 
Such programs are called compilers. A parti- 
cular higher level language could be made 
available on a computer installation by having 
a compiler for that language. Manufacturer 
of a system usually supplies compilers for a 
number of languages along with the system. 


1.33. Operating System 


A modern computer installation раз a 
number of hardware and software elements. 
To communicate with these and utilise them 
efficiently, master control programs are used. 
These programs fall under the category of 
operating system. The basic task of an operat- 
ing systerin is to accept user jobs in any of 
the available languages, schedule them for 
translation and execution and allocate them 
the required resources (memory, system 
programs, I/O devices etc.) An operating 
system has a special language (called job 
control language) through which an user may 
specify the steps required for the execution 
of his job, 


1.34. Application Programs 

The software support discussed earlier 
gives user an easy interface for communica- 
tion to the machine, АП such software is 
categorised as system software, The applica- 
tion software on the contrary saves program- 
ming efforts of users by making available, à 
number of programs pertaining to their appli- 
cations. Some systems may not have any 
such software support while others may have 
a number of application programs. For 
example, application programs like scientific 
subroutine package (SSP) and linear program- 
ming (LP) packages are available on IBM 
360/370 series of machines. 


14. HYPOTHETICAL COMPUTER : АМ 
ЕХАМРІЕ 


1.4.1, Organisation 


In! this Section, we discuss a small hypo- 
thetical computer to bring out the basic 


INTKODUCTION 


CONTROL UNIT 


MAIN МЕМОВҮ| * Control 


<-> Data path 


Input device 


Output device 


FIG. 1-2 BLOCK DIAGRAM OF A HYPOTHETICAL COMPUTER 


principles involved in understanding and 
programming of a computer. We assume that 
the machine under discussion has 1000 loca- 
tions (words) in main memory, Also we 
assume that each location can store 4-digit 
decimal numbers with sign. The block dia- 
gram of the machine is shown in Fig, 1.2. 


The main memory stores data and instruc- 
tions (program) required to solve a problem, 
Since a computer basically operates only on 
numbers, we must code every thing which is 
required to be told to the computer in terms 
of numbers. The first task at hand is to know, 
how the instructions of the machine are- 
coded, For the hypothetical machine under 
discussion, we code an instructions using one 
word (4-digit signed decimal number) of the 
machine. The instructions has the following 
format. 


3 digits 
Operation Address of the 
Code Operand 


Here 3 digits give the address of the main 
memory location where operand may reside. 
Since we assumed 1000 locations, 3 digits 
іп the operand address field are sufficient to 
indicate any of the locations 000, 001, ...... 
998 and 999. The most significant digit with 


sign in the instruction format indicates the 
operation to Бе performed (different 
опе digit numbers with + or — sign shall 
mean different operations). 


The operations are carried out on the 
operands in Accumulator (AC) register 
(accumulator register accumulates results.&nd 
hence the name) and a location in шаш 
memory. In most cases the result of the 
operation is put back ‘n the accumulator, 
We introduce now the machine language of 
this machine. 


1.4.2. Machine Language 


The machine language of the hypothetical 
machine has the following instructions : 


In the list of instructions with operation 
codes (symbolic names given in brackets) 
presented next, ап instruction word besides 
having an operation code will also have а 3- 
digit operand address indicating the memory 
location. In cases where two operands are 
involved in the operation, one of them shall 
be the accumulator, while the other operand_ 
shall be the memory location. The result of 
operation (involving two operands) will be 
left іп the accumulator. For example, the 
instruction word +2210 means the addition 
of the numbers in the accumulator and the 
memory location 210. The result of this 
addition is put back in the accumulator. 


4-0 No Operation (NOP) 

4-1 Load Accumulator (LDA) 
--2 Add to Accumulator (ADD) 
3-3 Multiply (MPY) 

4-4 Jump (JMP) 

4-5 Jump on Zero (JMPZ) 

+6 Jump on Positive (JMPP) 
+7 Read (READ) 

7-8) Not defined at present 

+9) but can be defined and used 
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—0 Stop (STOP) 

—] Store Accumulator (STA) 
—2 Subtract (SUB) 

—3 Divide (DIV) 

—4 Illegal (not to Бе used) 

—5 Jump on not zero (JNZ) 

—6 Jump on Negative (JMPN) 
--7 Write (WRITE) 

—8) Not defined at present 

—9 jbut can be defined and used. 


HYPOTHETICAL MACHINE INSTRUCTION SET 


The instructions (program) are stored in 
the memory. They are executed іп sequence 
starting from the first instruction, Which 
instruction is to be executed next is told by 
the register named as program counter (PC) 
also called as the instruction address register 
(АК), If the break in the sequence of 
execution of instructions is required, we 
execute a jump instruction which places the 
jump address in the РС. For example, the 
execution of the instruction +-4205 (МР 205) 
changes the program counter to the value 
205, Conditional jumps are usually required 
and in this machine we have, JMPZ, JMPP 
and JMPN instructions, which can carry out 
conditional jumps under zero, positive and 
negative value of a number іп the 
accumulator, 

A (machine language program already 
Present in the main memory is executed by 
placing the start address (address of first 
instruction) in the program counter and 
starting the computer (may be by pressing a 
start button), CPU carries out the following 
Steps automatically to execute a machine 
language program, 

Steps 


1. CPU transfers the contents of program 
counter to the MAR and reads the instruction 
into Instruction Register (IR), 

2. CPU increments the Program Counter 
by one. 

3. CPU executes the instruction as per 
the code. This may involve bringing cut the 
operand from main memory. 


(Arithmetic unit provides the necessary 
facility to carry out arithmetic operations). 

4. CPU goes to step 1 to execute the 
next instruction. 

We illustrate the machine language pro- 
gramming principles by developing a program 
to add N numbers (assume that sum of these 
will not exceed 4-9999), Before writing the 
machine language program, we must develop 
analgorithm which precisely indicates how 
to go about doing the job. The algorithm is 
given іп the flow-chart shown іп Fig. 1.3, 
Each box in the flow-chart can be coded with 
the help of machine language instructions 
just discussed, The program is as follows : 


Е101-3 ALGORITHM FOR ADDITION OF NUMBERS 


INTRODUCTION 
Machine Language Assembly Language Comments 
Program Program 
Location Instruction| Data Label Mnemonic Operand 

No. Word Code 

010 --7023 READ N Read value of N 

011 + 1024 LDA: Дао) 54-0 i.e., 

012 —1025 STA SUM ) make SUM —0 

013 --7026 LOOP READ X Read the next 
number 

014 +1025 LDA SUM 

015 +2026 ADD х | sues +х 

016 —1025 STA SUM 

017 +1023 LDA N 

018 —2027 SUB ONE?N«-N-1 

019 —1023 STA N 

020 —5013 JNZ LOOP go to location 
013 (LOOP) 
if АС520 

021 --7025 WRITE SUM Display SUM 

022 — 0000 STOP 

023 N DL Declare a location 
for М 

024 4-0000 ZERO рс Оо Declare а constant 
ZERO 

025 SUM. DL Declare a location 
for SUM 

026 X DL Declare a location 
for X 

027 +0001 ONE рс“ Declare a constant 
ONE. 

The above program is written іп the by a mnemonic name. 


machine language with instructions starting 
from location 010. Every instruction із also 
described (coded) іп the mnemonic 
(assembly) language. The label (for example 
LOOP) in assembly language of the instruc- 
tion or data corresponds to the memory 
location, where the instruction or data 
resides. It isthe description of a location 


It is to be noted that different machines 
(computers) will have different machine 
(assembly) languages. A commercially avail- 
able computer has many more instructions 
(than what we had with the hypothetical 
machine) varying from 50 in small computers 
to more than 200 in large machines, 


EXERCISES 


1. CPU executes machine language pro- 
gram automatically. Can you suggest what 
microactivity (sub steps) CPU will have to 
carry out to execute a machine language 
instruction ? 


2. In the example of machine language 
program discussed, the equivalent assembly 
language program was also written side by 
side. What additional information do you 
get from the assembly program ? 
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3. Which language will you choose to 
write programs, assembly or machine 
language ? 


4. (a) Write a program in the assembly 
language of hypothetical machine 
to evaluate the expression 


T=a®.b.c+d, where a, b, c, d and T are 
integers. 

(b) Translate the program written for 
above in the machine language. 

5. Repeat (4) for : 

T=a".b.c+d (n is an integer) 

6. Without using a МРУ (multiply) 
instruction write a program іо multiply two 
integers. 

7. Repeat (6) for division. (Here division 
instruction should not be used). 

8. Write a machine language program to 
add 100 integer numbers available as an 
аргау of 100 integers stored in consecutive 
memory locations, 


9. An array of 100 integers is given. 
Write a program which will compact the 


array by moving O's to the bottom of the 
array. 
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10. Write a program in machine language 
to find the GCD (greatest common divisor) 
of two integers. 


11. Repeat (10) for LCM (Least Common 
Multiple). 


12. In the 2nd century A,D,, Russian 
farmers invented an algorithm to carry out 
the multiplication of integers (grains or small 
stones were used to describe the integers), 
They could halve or double ап integer 
number, and also they could add two integers 
(of course using stones). The multiplication 
algorithm is described below through an 
example of multiplication of X—25 by Y=35 
(the method is called doubling and halving). 


Initial 

value 
Halve X 25 12 6 3 1 
Double Y 9557770 140 280% 5605 


To obtain the product of X and Y, take 
the sum of numbers in the Y row for which 
the corresponding numbers in the X row are 
odd (*is shown on them). The product is : 

354-280 4-560—875 


Write a machine language program for 
the above multiplication procedure. 


МОМВЕК 


P digital systems like digital computers, 

digital instrument systems, digital con- 
trollers etc., it is necessary to perform coun- 
ting and arithmetic operations on numbers. 
Although the decimal number system is con- 
venient for manual calculations, its usefulness 


in machine computation is limited due to the 


nature. of electronic devices currently available, 


In most of the present day machines, numbers 
are represented and arithmetic operations 
performed in a system called binary number 
system. Also there are machines, which 
employ other number systems, but internally 
numbers are ‘coded ina binary form’. This 
chapter is devoted to the study of number 
systems in general. 


2.1. NUMBER REPRESENTATION 


An ordinary unsigned decimal number 
actually represents a polynomial in 10. For 
example, 

389:48--3 x 103 4-8 х 101 4-9 x 109 4-4 x 10-1 

+8х 10-2, 


Any unsigned decimal number thus could 
be written as : 
n—1 
N=3 a; x10 
i=—m 
‘where X denotes summation and m, nare 
integers designating the number of digits in 
fractional and integral parts of N, 


This representation of numbers is called 
*decimal representation! and the number 
system is called the decimal number system 
since the number 10 is being used as a base. 
We may think of a generalised number 
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representation whose base (or radix) is any 
positive integer. Consequently, any number 
N can be expressed as : 
n—1 
N= ai xr, 
i=—m 

where ац is a digit in the number system and 
its value is taken from the set {0, % 2... r—1) 
and г is any integer 2» 1. 


The number М has n digits in the integral 
part (left of the radix point) and m digits in 
the fractional part (right of the radix point). 
The digit а-ы is referred to as least significant 
digit (LSD), on the other hand а,.; is called 
‘most significant digit" (MSD). Due to the vari- 
ous weightages (r*) given to the digits, these 
number systems are called the positional 
number systems. For example, the number 
1011'01 in the binary number system (r—2) 
represents a polynomial in 2 as shown below ; 

MSD—, ;—LSD 


1011:01 =1х2-+0х2* 
41х2-4-1х2-40х21-41х23 


Most significant and least significant digits 
are marked as shown, Тһе MSD has а 
weightage of 2"-1, while LSD has a weightage 
of 2-9, 

Hereafter a number N in a base b. will be 
designated as М), if the base of the number is 
not obvious from the context, Also all 
numbers we are talking about are assumed 
to be non-negative unless otherwise stated, 
For example, 128); stands for a number 
whose value is 128 in decimal representation, 


Several number systems are possible by 


(2.1) 
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TABLE 2.1 : Number systems and symbols commonly used for their digits. 


Oleg ist ба 8 59510710 12.13 14 15 


Number System | Radix Digits 


Hexadecimal 
Duodecimal 
Decimal 
Octal 
Quinary 
Quoternary 
Ternary 
Binary 


ocoooocoooo 
н на а а а а а а 
МЮ L2 PO FO B2 оо 
чә C9 G9 ә ә G2 


taking different integer values of r in Equ. 
(2.1). Our discussion in this chapter is limited 
to values of r22 (number systems with 
negative radices had been studied by some 
research workers to exploit certain useful 
properties regarding the arithmetic), Table 
2,1 presents the names given to the various 
number systems and the commonly used 
symbols of their digits, 


Among these number systems, the know. 
ledge of octal, hexadecimal, decimal and 
binary systems Ів essential in studying digital 
computing machines. Relevance of hexa- 
decimal and octal representation is apparent 
when particularly large binary numbers are 
to be documented (as a part of computer 
systems documentation). For example a 36 
bit binary number given below could be 
represented by very short ‘string’ of octal or 
hexadecimal digits. 4 


Binary Number : 

010010011101011110110001010100111111 
Hexodecimal Number : 49D7B153F 
Octal Number : 223536612477. 


Thus the above binary number is repre- 
sented by comparatively very short ‘strings’ 
of digits 49D7BI53F in hexadecimal ог 
223536612477 in octal number system. 


This is possible due to the fact thata 
digit in the octal or hexadecimal system has 
exactly 2% (К is an integer > 1) states. 


ARAGSAS 


НЕСЕ F 
A -HB 


Therefore, we could group each & bits (3 in 
case of octal and 4 in case of hexadecimal) 
starting from the radix point, and assign an 
equivalent digit from octal or hexadecimal 
system as the case may be, 


2,2. CONVERSION OF NUMBERS 


Suppose some number N, which we wish 
to express in dg, is ‘presently expressed іп bj 
In converting a number from one base b; into 
another base dg, it is convenient to distinguish 
two cases бі and bi>ba Nevertheless 
any of the methods discussed below could be 
used, 


Саве I b; <Б, : In this case the number is 
available as a polynomial in bı and since 
bi« by we can employ b, arithmetic to evaluate 
the polynomial, 


Example 2.1: Express numbers 4622); and 
11011). into decimal system. 
462:2),--4:88--6:81--2"80--2:8-1 
--256--48--2--2|8 
—306:25)1 
1101:1)s— 1:23 4- 1:22 4-021 4- 1:20 4- 1:271 
—84-44-14-1/2 
=13'5). 
In both the cases b,—10 arithmetic has 
been used to evaluate the polynomials. 


Case П b; b, : Now it is more convenient 


to use base b, arithmetic. Тһе conversion 
process is proved and explained by considering 
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аў-- REMAINDER(a / b») 
0-- QUOTIENT ( Q/ b5) 
YES 
(2 


п 


Е10,2:1 CON VERSION OF INTEGERS 


integral and fractional parts of a number 
separately, 


Integers: Let ЇЧ): be an integer whose 
value is available in the base Б, Finding its 
representation in base bs is equivalent to 
finding the coefficients as of the following 
polynomial. 

N)os=Gn-1 рада ЫЗ. аа. 
М)» and М), аге same numbers hence, 
Мы. ава Ба, З... аба-фа р 

b, ini b, 

The results of this division are quotient Q 
and remainder R. Clearly Ё--ар because 
авс Ба (ао is a digit in radix А) апа 
Q=an-; 88"72--ал-а "Б.а. Dividing О 
further by Ә will similarly give а, If this 
process is repeated till Q—0, we shall obtain 
all digits of М in bs. agis the digit obtained 
at the very first step, a; at the next step and 
So on. A flow chart of this process is given 
in Fig. 2.1 and the process is summarized by 
the algorithm 2.1. 


Algorithm;2.1 
Steps 


1-0 
0-3 


2 
3. а: Remainder 
4. 
5 


Comments 


Digit index set to 
zero, initial quotient 
is made equal to N, 


Remainder of Qlb, 
is assigned to digit а; 
Quotient of О/ is 
assigned to Q. 


(0/5) 
Q--Quotient (0/8) 


. If Q—0 then go to 
step 8 


о 


. iit] 
7. Go to step 3 
. Stop. 
Example 2.2: Convert 326), into octal 
and binary 


Decimal to octal conversion : фуе-10 and 
б--8 


oo 


Start Q 

Divided by 326 
8 40 6 least signifi igi 
5 e gnificant digit 
8 0 5 most significant digit 


0-0 hence stop 


12 
Decimal to Binary : Бе: 10 and 5—2 
Start QR 
Divide by 326 
2 163 0 Least significant bit 
2 81 1 
2 40 1 
2 20 0 
2 10 0 
2 50 
2 21 
2 10 
2 0 1 Most significant bit 
О--0 hence 
stop 


Thus 326):0=506)s or 101000110). 


It is easy to convert an octal number into 
binary. We have to just substitute for each 
octal digit its respective binary equivalent 
(which normally could be remembered b; 
every one of us). For example 506) is 
101000110). Therefore, any conversion 
involving ba=2 could. also be achieved by 
converting initially to octal ог also hexa- 
decimal) and then replacing the digits 
obtained by their binary equivalents. This 
will result in drastic reduction of conversion 
steps. 


Fractions ; Let N be a fractional number 


d-j-— INTEGER(F *b2) 
F —— FRACTION( Fe bo) 
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ina base bj. Let М), be its equivalent in a 
base bg. Then we have : 
N)i —a-3547 4-a-sbg t+ ...a- mbi. 


The conversion of N into base b, is equiva at 
to finding the coefficients а-1, а-а, etc. If we 
multiply М), by ba we have : 

№), X Ра=а1+а-з:71+...а-тіа "t! 

It is obvious that a; (being а digit) is an 
integer, while the rest of the expression above 
is a fraction (since every term has some 
negative power of 5 and a; « ba). 

а-; is actually the first (MSD) digit of the 
fraction М, If we take the fraction a_sbs* 
-L..G.mb,"* and repeat the multiplication 
by bs, we shall get а- and so on, Usually 
the process is repeated till the sufficient 
number of digits in the base b, are found 
b..ause this process may never end in some 
cases. This is likely because a fraction with 
finite number of digits in one system may 
require infinite number of digits in some 
other system, for example, a number 0'1)s 
requires infinite digits in decimal system 
(0:3333...). 


The procedure of conversion ot fractions 
is summarised by Algorithm 2.2 and Fig. 2. 


FIG.2:2 CONVERSION OF FRACTIONS 
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represents its flow chart. 


Algorithm 2.2 : Conversion of fractions 


Sieps Comments 
1. F&N, 160 Initial fraction is assig- 
ned to F, digit index 
set to 0 
2. 144--1 
3. а-<ітерег рагі, Extract integer part of 
of (ЕхРз) Fxb,and assign it to 


current digit 
4. F«-Fractional Assign new value 
part of (Fxbs) fraction 


5. If sufficient digits not found 
then go to the steps 2 


to 


6. Stop. 
Example 2.3: Convert 0:875 into binary 
: Fraction multiply by 5,—2 
binary digits '875x2 
MSB 1 "150x2 
ы '50x2 
LSB :00 
Result 0:875),5,—0'111)s 
Example 2.4 : Convert 432354), into 
octal 
(i) Integral part conversion 
Divide by : 
| 432 Reminder 
54 0 LSB 
6 6 
| 0 6 MSB 
Result 660); 
i) Fractional part conversion 
0°354 x8 
2 832x 8 
6 :656х 8 
5 ‘248 х8 
1 '984 
Result 0:2651)8 


Тһе decimal number 432 354 is 660:2651 in 
octal system calculated up tó four digits 
beyond the radix point. 


23. COMPLEMENTS 


Definition 2.1: The r's complement denoted 
by d' of a digit d in а number system with a 
radix r is given by : 
FUN: r—d if 4520 and 
(0 if d —0, 
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For example, the 10's complement of 0” in 
decimal system is 0, while that of 6 is 4. 


Definition 2.2 : The (r—1)'s complement 
denoted by d" of a digit d in a number system 
with radix г is given by the positive difference 
between d and the largest digit in the number 
system. 


For example, (10—1)'s ie., 9's comple- 
ment in the decimal system of а (ірі 3 is 
9--3--6. 

Definition 2.3: Тһе rs complement 
denoted by № of a number N ın a system with 
radix ris given by r'—N, and the (r—1)'s 
complement denoted by М” is given by 
r7 —N—r^*, where n, m are number of digits 
in the integral and fractional parts of N. 

Example2.5: Find rs and (г—1)% 
complement for the following numbers іп the 
radices as indicated. 


(i) 1011710), (іі) 983610) (001) 56377)». 
() М--1011:10 has four digits in integral 
parts and 2 digits in the fractional part. 
N'(2's complement —21— 1011:10), —0100:10 
and М'(1'з complement —2*— 1011°10)3—27*, 
=0100'01. 
(ii) N=983°610)s0 
М (108 complement) —109— 983:610 
--016:390 
М” (9'5 complement) = 103--983:610--10-3 
—016:389 
(йі) N=563°7)s 
N'(8's complement) —85—563:7)5—214'1, 
N"(7's complement) --214:0 


2.3.1. Algorithms for r's and (r—1)'s 


Complements 


The calculations required to find r's and 
(r—1)'s complements (subtraction of п digit 
numbers) can be simplified such that digit by 
digit complementing procedure could be 
employed. We are presenting the procedures 
for this in the following three algorithms, 


Algorithm 2.3: (r—1)s complement of а 
number N), 


Take (r— 1) complement of all the digits, 
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Algorithm 2.4: r's complement of a number 
М), 
(i) Find (r—1)'s complement by algo- 
rithm 2.3, 
(li) Add гт”, 1.e., add 1 to the least signi- 
ficant position 
Algorithm 2.5 : г8 complement of а number 
К), 


Steps Comments 
(4) і<--т, F—0 


(il) died"; 
(tii) If di0 then Е 1 


Fis a flag indi- 
cating 

first occurrence of 
a non-zero digit 


(iv) ici +1 нар 
(у) If ?»n then go to 4 $2, are 
step (viii) digits of N. 


(vi) If F=1 then d;—4; 

else 4+4''; 
(vii) Go to step (iii) 
(vili) Stop. 


Algorithin 2:5 can be summarised 


follows : v 


/ 5сап the digits of the number from least 
significant digit till a non-zero digit say dx is 
found. Take r's complement of all digits up 
to 4% (including 4%), and (r—1)s complement 
of the rest of the digits, Тһе number thus 
formed will be the rs complement of the 
original number. 

Example 


2.6 :Find 108 complement of 
936320), j ms 


М--936:320 


Scan first non-zero digit 
Take 10's complement 

of the individual digits 

oF this side, i.e., 


Take 9's complement 


of the digit is 
side, «чі 5 оп this 
0636 


The result is N'—063:680. 
Example 27: Find the 2's complement of 
а binary number 1011101000, 
N=1011101000. 


scan first non-zero digit 
Take 28 complement 
of the digits on this 


Take 17% complement 
of the digits on. this 


side side. (1 e., leave them 
as th 
010001 0027 En 
N'— 0100011000 
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Note that the 2's complemeat ofa binary 
digit is same as the digit itself and l's com- 
plement is same as the Boolean complement 
of the truth value of a digit. 


2.4. REPRESENTATIONS FOR SIGNED 
NUMBERS 


In this section various representations of 
signed numbers are discussed. 


24.1. 


Signed numbers are represented by two 
parts, i.e., sign and magnitude, Magnitude 
part is represented by its value in the given 
number system, while the sign part is repre- 
sented by digit value 0 to 1 (since sign can 
only be positive or negative). A ‘0’ is usually 
assigned to the positive sign and a “І” is 
assigned to the negative sign. The two parts 
of the number may be separated by a comma 
for clarity. 


Example 2.8: Number +326); is represen- 
ted by 0,326 while number—326),9 is repre- 
sented by 1,326. 


Example 2.9: --1101) and —1011)s are 
represented by 0,1101 and 1,1011 respectively. 


Sign-Magnitude Form 


The representation just discussed is called 
sign-magnitude representation, In this, we 
are using one additional digit position for 
the sign (though this digit takes either of the 
two values ‘0’ or “?). Now a question arises 
as to whether one can treat this digit in the 
polynomial of a number like other digits. If 
this is possible then sign digit will have а 
weightage of r^, and the whole signed number 
could be treated on par with an unsigned 
number, and consequently design tasks would 
be simpler if one із designing a machine to 
carry out the arithmetic operations. This 1s 
not possible with the sign-magnitude 
representation. For example, a number —33 
in decimal is represented as 1, 33. If this 18 
treated as 133 ignoring the comma, it would 
mean a different number. Also suppose We 
assign — 10" weightage instead of 10" to the 
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sign digit, then the number represented would 
become --1110%--33--67 which із also а 
different number. This drawback is removed 
by the representation discussed in the next 
paragraph, where positive and negative 
numbers are uniformly represented by a 
polynomial in r, 


2.4.2. Sign-Complement Form 


In this representation sign of a number із 
represented as discussed earlier while ` the 
magnitude part of a positive number repre- 
sents its true value. On the other hand if the 
number is negative its magnitude рагі 
represents the complement of the actual 
value, Тһе sign digit occupies m'^ position 
and its weight із assumed as usual to be n'^ 
power of r(r") with a negative sign, This 
arrangement сап now represent all signed 
numbers whether positive ог negative, 
uniformly by the Equation 2.1. Hence the 
number could be treated as if it were an 
unsigned one. This is helpful in mechanising 
addition and subtraction of signed numbers. 


Example 2.10 : (i) 4-356)% 
М--0, 356 
= —0:1094-3:102 - 5:10 +6 
— —0:1000 4- 356 
=+356. 
(1) --356) 

N=], 356 (number is negative hence 
magnitude in complement 
form) 

—], 644 

—1, 644 (with negative weight for 
MSD i.e., sign) 

——]:1034-6:1024-4:10 +4 

= --1000 4-644 

----356. 


15 


The above example has demonstrated that 
in decimal system, $їрп-10°$5 complement 
representation uniformly represents negative 
ав well as positive numbers. Hence we can 
include the sign digit іп the magnitude part 
and forget that we had a signed number 
(except that MSD has a negative weight). 


Proposition 2.1 : А signed number from а 
system with radix r could be represented in 
sign—r's complement form, such that its 
value could be uniformly evaluated by a 
polynomial of Equation 2.1 with negative 
weightage for most significant digit. 


Proof: Case 1. Positive number N 


Sign —r's complement representation for 
this number has sign digit ‘0’ and N as the 
magnitude. The value of the combined 
number formed thus is —0.r" 4-N—N, 


Case II : Negative Number N 


—N has a representation 1, №, i.e., —1.7* 
+(r”—N) which is=—N, 


Since there are two types of complements, 
we have two representations for signed 
numbers : (і) Sign —r's complement repre- 
sentation and (іі) Sign— (r— 1)'s complement 
representation. Unless otherwise stated 
complements of numbers throughout this 
book shall mean r's complements, 


This chapter has provided an uniform 
treatment of numbers in various number 
systems. The material could be utilised for 
any number system encountered by а 
computer science student. Examples were 
selected from binary, octal and decimal 
systems with the view to get him acquainted 
with these systems, which are commonly used 
in digital computers. 


EXERCISES 


1. Convert the following numbers 
(a) 53:1575) to base 2. 
(А) 1812); into octal and hexadecimal, 
(c) 1101:110101100), into octal and 
hexadecimal. 


(d) 156723)s into decimal 
(e) 1567); into ternary and duodecimal. 
2 Solve the following equations for 


unknown базе 5 


(a) 25)ш--27)». 
(c) 452)--318)». 


(b) 263)8--455), 
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3. Given the octal numbers Х--3672, 
Ү--36:12 and Z—17I 1, perform the follow- 
ing operations 


(а) X—Z (b X+Y 
(c) ХІХ (d) X.Z 
4. Repeat (3) for binary numbers 


Х=1011°'01, Ү--101711 and Z—0111'1. 
5. Each of the following arithmetic 
operations is correct in at least one number 


system, Determine the possible bases in each 
operation. 


(а) 41/3—13 (b) ./41=5 
(c) 44/4=11 (d) 133--11113. 
6. Determine the missing number of the 
series. 
(a) 10000, 121, 100, ?, 24, 22, 20 
(b) 101, 22, 32, 50, 7, 114, ... 
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7. Find the 7s and (r—1)'s complements 
for the following numbers in bases as indi- 
cated. 

(а) 123456). 
(с) 123455), 


(b) 12345); 
(d) 1234567). 


8. Find the l's and 2's complements for 
the following binary number. 
(a) 1011010 (b) 1101011 
(c) 0111000 (d) 00001 


9. Represent the following signed 
numbers in sign-magnitude, sign (7--1)'5- 
complement and sign r’s-complement form. 


(а) +326)s (b) —367)10 
(c) +1010), (d) —1101)s 
(e) —763)s 
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BOOLEAN ALGEBRA AND COMBINATIONAL ГОСІС 
DESIGN 


Bore algebra of two elements provides 

the mathematical base for a number 
of applications. One of the major contribu- 
tions to this application spectrum is the design 
of digital computers. Іп general, Boolean 
algebraic structures are possible with number 
of elements as powers. of 2. In this chapter, 
a study and applications of two element 
Boolean algebra is presented. The terms 
Boolean, logic and switching are used 
synonymously in this book. 


3.1. BOOLEAN ALGEBRA : AXIOMS 


Definition 3.1: A Boolean algebra В; is the 
quadruple {B, +., '} where B is the set {0, 1} 
and operations ‘+’ called OR (sum), *.' 
called AND (product) and’ (prime) called 
complementation satisfy the following 
axioms : 


Axiom 1: There exists a variable x such 
that 
x=0 if only if x1 
and x=1 if and only if x0. 


Axiom 2: ‘+’ (OR) and ‘.’ (AND) are 
binary operations satisfying the following 
tables called truth tables : 


AND Table 


OR Table 


Axiom 3: '(prime) is an unary operation 
called complementation (or negation ог 
NOT) such that : 


x' is a complement of x if and only if 


x+x' —1 and 
х.х =0 holds: for all x belonging to 
set B, 


Complement of x is also denoted by x or 
NOT x. 


3.1.1. Alternate Statements of Axiom 2 


1. The elements ‘9’ and “І” are some- 
times referred to as FALSE and TRUE res- 
pectively. Then axiom 2 states that x OR y 
i.e, (x+y) is true if x is true or y is true ; 
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Switch Switch 


(а) AND analog 
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Switch 
x 


Power Switch L Lamp 


(5) OR analog 


FIG. 34 ELECTRIC NETWORK ANALOG OF AND/OR 


and x AND y is true if and only if x is true 
and y is true, 


2. Yet another equivalent of axiom 2 is as 
follows. This definition will be useful in 
proving basic properties of Boolean algebra 
В, Letus order the set В by defining an 
ordering relation < (less than), If 0<1 in 
set B, then the following definitions are 
immediate.consequence of relation < (less 
than or equal to) 

AND : x,y=min (х, у) 

ОК :х--у--шах (x, у) 
where min (x, у) denotes the smallest of x, y 
and max (x, у) denotes the largest of x, y. 


3.1.2. Electric Network Examples 


The electric networks shown in Fig. 3.1 (a) 
and Fig. 3.1 (b) depict the meanings of the 
axiom 2. 


Let ON and OFF states of the switches 
x, y and lamp L be represented by the 
logical “І” and ‘0’ respectively. Then it can 
be noted easily that : 

In Fig. 3.1. (а) lamp is ON when (i.e., 
L=x,y) both x and y switches are ON (AND 
operation analog), 


In Fig. 3.1 (Б) lamp is ON when x is ON 
or у is ON (і.е., L=x+y). 


3.2. PROPERTIES AND THEOREMS 


With the help of axioms stated in section 
3.1 it is possible to verify that the switching 
algebra (Boolean algebra) satisfies the follow- 
ing fundamental and important properties 
for all variables x, y and z belonging to the 
set B, 


Basic Properties 


1. Commutative: (a) x+y=y+x 
(b) xy =y.x 
(а) х+(у+2)=(х+у)+2 
(b) х.(у.2)-4(х.у).2 

: (а) x+y.z=(x+y)(x+2) 
(b) x." Fz)9 xy X.Z 


2. Associative 


3. Distributive 


4. Involution (x) =x 
5. Idempotency: (a) x+x=x 
(5) хх-х 
6. (a) 1+x=1 
(b 1,х--х 
7А (а) 0+ х= х 
(5) 0.х--0 


These properties could be proved by 
constructing truth tables for both the sides of 
equalities. Alternate algebraic proofs could 
begiven using max and min definitions of 
axiom 2 for OR and AND respectively. 


Hereafter, whenever no operator appears 
between two operands, a *.' may be 
assumed. 


Example 3.1: Prove the properties 5 
and 6 (a) 


Property 5: x+x=x 

Proof : х+х= тах (x, х)=х 

х.х= тіп (х, х) =х. 

Property 6(а): 1+x=1. 

Proof : 14-х--шах (1, x), “У 
being the largest 
element in B, we 
have 
max (1, х)=1, 


hence 1+x=1, 
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The seven properties listed above are use- 
ful in simplifying logic expressions, It is the 
associative property of this algebra which 
allows us to define -- апа, operations on 
more than two variables, 


Example 3.2. Prove the following equali- 
ties. 
(a) x+xy=x (Absorption) 
(b х+х' у=х+у 
Proofs ; (a) х--ху--х. 1--х.у (property 6 (5)) 
=x.(1 +y) (property 3 (b) 
=x.(1) (property 6 (а)) 
=x (property 6 (5)) 
(b) x+x'y=(x+2’).(x+y) 
(property З (a)) 
=1.(х+у) (axiom 3) 
=х+у (property 6 (5)) 
Example 3.3: Simplify the expression T 
=xy+x'z+xyz+x'yzw 
T=xy+xyz+x'z+x'zwy (property 1) 
=xy (1--2)4-х2 (1+wy) 
(property 3 (5)) 
=xy.1+x'z,1 (property 6 (a)) 
=xyt+x'z (property 6 (5)) 
For all x, y and z belonging to set B, 
following theorems also hold, 
Theorem 3.1 : Consensus Theorem 


(а) xyd4 ха yzxydTx'z 
(b Gr» 2042-3 +2). 


Proof:(a) xy-4x'z4-yz-xy4-x'z4- уг. 
—Xy4-x'z4-yz(x4-x') 
=xy+x'z+yzx+ yzx' 
=xy H xyz--x'z4-x'zy 
--ху(1--2)--х2(1--у) 
--ху--х2. 
(b) (x+y)(x'+2z)(y+z) 
—(x- x ау z4-x'x) 
=(х+у)(х' ау z4x)04 zT x) 
—(x- y) x+ yt zx tz zd») 
=(x+y)(x'+z) 


Theorem 3.2, De Morgan’s Theorem 
(а) (х+у)'=х'.у' 


(b) (x yy 2x +y 
Proof : (а) (x+y)'=x'.y' 
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Let A=x+y, and B= x’.y’ 
Hence А+В=х+у+х.у’ 
=xty ty 
=x+1 
--, 
А,В=(х+ у)(х'у') 
=хх'у' +ухХ'у! 
-0 
Therefore by axiom 3, B is a complement 
of A 
Hence А'--В, substituting back x+y and 
x'y' for A and B respectively we have 
(хуу ху 
(b) This part follows from part (а) 
i.e., Let A=x' and B—)' 


and 


then 
А.В=х'у 
and 
(АВ 2 (x4-y)' 
We have proved that property (a) holds, 
therefore, 
(A'+B’)'=A.B., by involution property, 
we have (А.В) —A'4- B' i 
Example 3.4: Find the complement of 
the expression 
f=AB(C+D')+C+A' D, and then 
simplify. 
f' — À.B.(C4-D') +С+р.А' 
Let х=А.В. (C+D') and y=C+D.A’ 
Then f'—x4y-x.» 
=AB(C+D') . C+DA' 
-(АВ4-(С-07) . (С. DAD 
=(А'+В'+С'”) . (C’ . (D'+A)) 
=(A'+B'+C'D) . (C'D'+C’A) 
The new expression could be simplified as 
follows : 
f! =A'C'D' +B'C'D'+B'C'A+C'AD 
—C'(A'D' +B'D'+B'A +AD) 
“Using consensus theorem on terms A'D' 
+B'D'+B'A we have 
f' — C'(A'D' +B’A+AD) 
The use of Boolean algebra in simplifying 
the complex sentences is demonstrated by the 
following example. 
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Example 3.5: A hypothetical insurance 
company issues policies to applicants оп the 
basis of the following conditions. An appli- 
cant must satisfy at least one of the condi- 
tions stated below so asto obtain а policy. 
Find the simplified policy issue statement. 


l. Applicant is a married male of age 
25 years or above, 


2. Applicant isa female who never met 
with a car accident. 


3. Applicantis a married female and has 
met with a car accident. 

4, Applicant is a male below 25 years, 

Applicant is not below 25 years and 

never met with a car accident, 


Boolean algebra could be used to simplify 
the above complex policy statement. We 
assign Boolean variables to the elementry 
propositions contained in the above statements, 
They are as follows . 


wan 
D 


Boolean Variable : Elementry Proposition 
M : an applicant is married 
5 : an applicant is a male 
с : applicant met with a car 
accident 
Y : applicant is below 25 


years of age 
P : policy is to be issued. 
The above variables take true values if 
the respective propositions are true and the 
complemented variables shall assume true 


values if the respective propositions .are 
false. 


Therefore, now the above five statements 
can be symbolically written as below : 
. SY'M 
NISI 
. S'MC 
SY 
Ao di ex 

The policy is issued if any of the five 
Statements are true about an applicant, 
thus 

P—SMY'-4S'C' -S'MC4-SY - Y'C*, 


ч & ош гю - 
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Simplification of this expression shall give 
us a simplified policy statement. So we now 
proceed to simplify the expression P, 


P=MSY’+YS+S'C'+Y’C’+MCS' 
=S(Y+Y'M)-+S' (C'+MC)+Y'C' 
=S(Y+M)+S' (C’+M)+Y'C’ 
=YS+MS-+S'C'+S'M+Y’'C’ 
=YS+MS+MS'+S'C'+Y’C’ 
=YS+M+S'C'+Y’'C’ 
=M+YS+C' (¥'+S’) 
=M+YS+C’' (YS)’ 
=M+YS+C' 

Substituting the elementry propositions 
for each of the variables we have the foliow- 
ing policy statement. 

Policy is to be issued if : 

1. applicant is married , or 

2. applicant is a male below 25 years or 

3, applicant has never met with a car 

accident. 


3.3. CANONICAL FORMS OF SWITCH- 
ING FUNCTIONS 


A given switching expression represents а 
switching function, Many expressions may 
stand for a single switching function, i,e., all 
of the expressions may give exactly the same 
truth table. A switching function can be 
expressed by unique type of expressions 
called normal forms, There are two types ot 
normal forms of a switching function, viz., 
(i) canonical sum of products (also referred 
to as disjunctive normal form) and (ii) 
canonical product of sums (conjunctive 
normal form). 


Definition 3.2. Ап appearance of a vari- 
able in the expression either in true or com- 
plemented form is called a literal. 

For example terms xy'z and xy have three 
and two literals respectively. 

Definition 3.3. A product term in a sum 
of products switching expression for à 
function of n variables is called a minterm if 
it has exactly n literals. 


Definition 3.4. A sum term in a product 
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ofsums expression for a function of n vari- 
ables is called a maxterm if it has exactly n 
literals. 


Example 3.6. Let fi(w, x, y, z) 
—X'y-4wxyz' t x'zy--wx'y'z 
and fs(w, x, y, 2) 
=(x' +y) . (wW +x’ yz) . (ак) 


The terms w xyz' and w'x'y'z are minterms 
(they have 4 literals each), whereas x'y and 
x'zy are not minterms. 


In fs, (w'4-x'--y4-z') іза maxterm, while 
others are not, 


Proposition 3.1. А minterm assumes value 
*]' for exactly one combination of variables, 


Minterm being a product term (AND term 
with all variables present in either true or 
complemented form) will assume value 4” 
only when all the literals assume value ‘l’, 
For example, the minterm wxyz' is “1” only 
for w=x=y==] апа 2440, Its value is 0 for 
rest of the possible values of w, x, y and z. 


Proposition 3.2, A maxterm assumes a value 
*0' for exactly one combination of variables. 


Given a switching expression one may be 
required to find its canonical forms. The 
following subsections discuss this procedure. 


3.3.1. Canonical Sum of Products 


Pick up a term from the given sum of 
products expression. If it is a minterm leave it 
and take the another term. Find a missing 
variable say x in the term. Multiply (AND) 
the term by (x4-x), (i.e. '1'). This will not 
affect a value of the term picked up. Expand 
this product. This will give you two terms, 
Repeat this process till all'the product terms 
contain a literal for each of the variables, 
The resulting expression is the canonical sum 
of products, (і.е., an expression having sum of 
minterms). 


Example 3.7. Find the canonical sum of 
products expression for 


TexyJ-x' y wx z4-x'y'z'w 
Т=ху(ж+ю) + ху (ж+ж) Бих 4 xy'z'w 
—Wxy--Ww'xy-- wx! У Бых У юха 
Txy'z'w 
-—Wwxy(z 4-z') -w'xy(z- z') -wx'y'(z4-z') 
+wx yz +27) +wx z(y +y) 9 x y'z'w 
= хуг J-wxyz'! -w'xyz--w'xyz'--wxy'z 
Ху -w'x' y'z -w'x y'z'-wx'zy 
TwYz) wx y'z' 
=wxyz+wxyz' +wx'zy+wx zy Бюх y'z' 
Twxyz--w'xyz' -w'x'y'z' 4 w'x' уа 


The minterms merely represent combina- 
tions of input variables for which a function 
hasa true value. Thus in Example 3.7, the 
combinations of w, x, y, 2 for which th» 
function has a value '1' are (1 1 1 1), (11 1 0), 
(1011, (1001), (1000) (0111), 
(0110), (0000) and (000 1), These are 
written merely by taking a term and writing a 
‘1’ for variable appearing in true form and ‘0’ 
if a variable is in the complementd form. 
Sometimes a minterm is represented by the 
number formed by its literal combination 
taken in the predefined order. For example, 
the minterm wxyz' of a function T (w,x,y,z) 
of Example 3,7 is represented by 1110. 
Hence this minterm may be represented by 
a number 14. With this notation a function of 
Example 3,7 could be written as T (w,x,y,z) 
«-Х(0, 1, 6, 7, 8, 9, 11, 14, 15). 


Note that we have only listed the minterms 
of T in the above summation and X stands for 
sum (OR). 


Knowing a ‘sum of products’ expression of 
a function is equivalent to knowing its truth 
table. Because, the minterms present in the 
expression give the combinations for which 
function has a value ‘1’. Hence, for rest of the 
combinations, it will have a value 0. 


The truth table for the above function is 
now constructed using the minterms obtained, 
It is shown in Table 3.1, 


SEL 
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TABLE 3.1. Function of Example 3.7 


Minterms 


ha жы. 


w'x')'z 


w'x'y'z 


Suppose that a truth table of a switching 
function is given and we have to find the 
algebraic expression of a function represented 
by the table. The procedure though we have 
not studied yet, looks obvious, i.e., collect 
allthe combinations for which the function 
has a value “1”, and carry out the following : 


1 Write down the minterms Гог the combina- 
tions for which function value is І. 
Take a sum (OR) of these minterms. 


The above procedure gives us the canonical 
sum of the products form of the function. This 


m could be simplified if required and 
used, 
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Example 3.8. Write down the canonical 
sum of products expression for a function 
defined by the Table 3.2. 


TABLE 3.2 


The minterms of f are (000), (010), (100), 
(101), and (110) 1.е., 
x!y'', х'уг', xy'z', xy'z, хут. 
Therefore, the required expression is : 
f(x, y, 2) x а! 4-x! yz! ху! г! ху z хун 


3.3.2. Canonical Product of Sums 


Another canonical form of a switching 
function called canonical product of sums 
exists. The procedure to find it, is the dual 
of the one discussed іп section 3.3.1, We 
collect all the maxterms of a function and 
write them as a product expression. А 
maxterm represents the combination for 
which a function has value ‘0’. 


A maxterm is asum term written such 
thatatrue variable appears only if the value 
of the variable is 0 in the combination. For 
example, combinations (0001), (0010) and 
(0000) represent the maxterms (w+x+y+2)s 
(w+x+y'+z), (w+x+y+z) respectively for 
a function of variables w, x, y and z. 

Example 3.9. Write the canonical product 
of sums expression for the function given by 
Table 3.2, 
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f(x,y) 
0 1 


FIG. 3-2 


The maxterms of f(x, у, 2) (see Table 3.2) 
correspond to the combinations (001), (011) 
and (111) (for which /-0). These are 
(x--y 4-2), (x+y'+2') and (x'+y'+z'), and 
the function in the canonical product of sums 
form is : 

Д=(х+у+т). (х+у 2) (УУЛ), 

Sometimes / із represented by the 
numbers formed by the input combinations 
for which a function has value 0. For 
example, the above function in the canonical 
product of sums form is represented as : 

f(x, у, z= (1, 3, 7). 


3.4. KARNAUGH MAPS AND SIMPLI- 


FICATION OF BOOLEAN 
EXPRESSIONS 
Use of properties and theorems of 


Boolean algebra to simplify expressions 
sometimes requires the great ingenuity on the 
part of a person who has to carry out 
simplification, This is because one may not 
foresee the use of an appropriate theorem or 
property at a particular step of а simpli- 
fication procedure, The map method 
introduced by Karnaugh not only reduces the 
above hurdle but also provides a systematic 
procedure. This method is extremely popular 
and useful for manual simplifications of 
functions of upto six variables. 
3.4.1, Karnaugh Maps 

A ‘Karnaugh map’ is nothing but a truth 
table of a switching function arranged in а 
two-dimensional manner as an array of 
squares, Each square corresponds to an input 
combination of a function. Fig. 3.2 shows 


t (x,y,z) 


Қом,х,у,2) 
10 


Karnaugh maps showing addresses of squares. 


these maps for functions of 2,3 and4 
variables. The numbers formed by input 
combinations are written in squares to 
indicate the addresses of the squares, 


Usually these numbers are not to be 
written, А switching expression to be 
simplified is converted in the normal form, 
and the function values are entered in the 
respective squares. For example, if f (w, x, 
у, 2) has а form X(l, 5, 8, 11, 13, 15), the 
squares marked 1,5,8,11,13 and 15 are 
filled with а value ‘1’ and rest of them 
are filled with a “0', 


Example 3.10. Fill the Karnaugh шар 

for a function 
Де=ху+х' + ху: 

The canonical form for this function сап 
be found using techniques discussed. 

Thus f= (6, 7, 3, 1) 

ог f=7(0, 2, 5, 4) 

This being a function of 3-variables, map 
having eight squares is produced below, 
which is filled using either of the normal 
forms as shown below : 


? 600 01 11 10 


Another way to fill the map is as follows : 


Pick up a product term and enter a value 
*]" (0 in case of sum term) for all the squares 
whose addresses satisfy truth values об 
variables present in the term. 
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2 o0 01 " 19 


"npud 


Four squares are equivalent 


to xy. 
FIG .3.3(a) 
Example 3.11. The terms xy+z'wx of 


function f(w, x, у, 2) are filled as shown in 
Fig, 3,3. It can be noted that in Fig. 3.3 (а), 
x and y are constant at value 1 for all the 
foursquares. Similarly in Fig. 3.3 (b), both 
thesquare have constant values 0, 1 and] 
for z, w and x respectively. 


34.2. Simplifications of Expressions 


Simplification of expressions is based on 
the following observations about the proper- 
ties of expressions. 


xy'+xy=x, ie. two terms (10 for xy! 
and 11 for xy) differing only іп the value of 
one variable сап be combined to form а 
single term wbich represents a variable (or 
expression) with a constant value in these 
terms, i.e., the function f; —xy'4-xy' depends 
only on x here. Values of y do not matter 
(because f —x, for both the possibilities of 
J) Toeasily locate such terms, the rows 
and columns in the map are arranged such 
that this is true for every pair of neigh- 
bouring rows or columns. Extreme columns/ 
TOWS are assumed to be neighbouring. 


Definition 3.5. Two terms are said to be 
logical neighbours if they differ in the value 
of only one variabic. 


The numbering arrangement of rows апа 
columns is such that logical neighbours are 
also physical (in the maps) neighbours. 
Therefore, we have just to combine physically 
neighbouring squares for the purpose of 
simplification, 
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Two squares shown are 


equivalent to z'wx. 
FIG. 3.3(b) 
Combining Four Squares 
The Boolean expression for (ош 


neighbouring squares having same function 
value is of the form : 
Sfimexyztxy'z+xyz'+xy'2' 

= (уау 4 yz +)'2') 

e x(1). 
The four terms represent coordinates such 
that only x value is constant while y, 2 take 
all possible values. For example: squares 
representing ху2--110, 111, 101 and 100. If 
such squares are found on the map and have 
the same function entry, they could be com- 
bined to give a single term represented by the 
constant coordinate variable (i.e. x in this 
case). 


Similarly 8, 16, etc., squares could be 
combined. Combining 2* squares eliminate К 
variables because k variables shall take all 
possible values for which function value 15 
constant. 

Example 3.12. Simplify the function 

f(w. х, у, z)==xytwz+y'z'w+x'yztwy 


The map for this function is shown 


below : 


00 01 


1368310: 
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xyz 


vw 


(a) Two planes separate!y 


shown 


000 001 011 010 110 111 101 100 


(b)Two planes kept one 
behind other 


F!G3:4 5-VARIABLE MAPS 


A maximum possible number of squares are 
to be combined such that we eliminate maxi- 
mum possible number of variables and at the 
same time cover as many ‘l's as possible 
which ensures lesser number of terms іп the 
final simplified expression. The various 
groups of squares are marked by enclosing 
them. 

In example 3.12 a group of eight 
squares, (bottom two rows) gives aterm w 
(w is constant at 1 while other variables take 
all possible values) second group is given by 
column 11, These squares can be combined 
to give a term yz(y—l,z-1 while other 


xyz 

цуу 000 001 011 010 
000 
001 
0011 


010 


0110 
0111 


101 
100 


(8) 4 planes separately 
shown 


variables take all possibilities), Similarly 
third group (enclosed by dotted line) gives us 
the term xy. 

The simplified 
given Бу: 


expression for / is 


Д=»+ут+ху 

Notethat in this example some of the 
squares have been used in more than one 
group, This does not affect the result due to 
the idempotent property of Boolean algebra 
(І.е., x - xx). 
Five and Six Variable Maps 

Maps having upto four variables could be 


110 111 101 100 


(b) 3D Arrangement of 
4 planes 


FIG.3.5 6-VARIABLE MAPS 
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arranged such that physical and logical 
neighbourhoods of squares are possible. For 
the maps of more variables it is difficult to 
get such an arrangement in a 2D planer map. 
However, this is possible if one can imagine 
a multidimensional map. These maps are 
shown in Fig. 3.4 (b) and Fig. 3.5 (0). 


Note that for simplifying the functions, 
the neighbouring squares (in the sense of 
Fig. 3.4 and Fig. 3,5 can be combined, The 
same procedure аз described for four 
variables could be employed here also. 


3.5. FUNCTIONALLY COMPLETE SETS 
OF PRIMITIVES 


Definition 3,6. А set of primitives 
(operations) is said to be functionally com- 
pleteif and only if any arbitrary switching 
function could be expressed using these 
operations, 


Proposition 3.3. A set of operations 
f., +,’ } defined in setion 3.1 is function- 
ally complete. 


Proof. Follows from the discussion of 
canonical forms of functions in section 3.3. 


Theorem 3,3. The sets of primitives ( . , ' } 
and {+ , ‘ У are functionally complete. 


Proof. The primitives. and ' could be 
used to generate the operation + as follows : 


(х. y) 2x--y. (DeMorgan's Theorem), 
hence ‘+’ can be defined in terms of , and ', 
thus {$ . , ' ) forms the set which is functional- 
ly complete (Proposition 3,3). 


Similarly the completeness of { +,'} 
could be proved. 


3.5.11. Two Variable Functions 


We have till now considered only three 
Operations (three functions of two variables). 
Actually there exist 22*—16 functions of two 
variables, This is so because there are exactly 
four minterms of two variables and they 
could be present in 16 various combinations 
as disscussed below. 
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Any of the four minterms ху”, ху, ху 
and xy could be present or absent in a given 
switching function. Let us associate four 
logical parameters A, B, C and D respectively 
for the above minterms. À parameter assumes 
ауаше 47 if a corresponding minterm is 
present otherwise it is ‘0’. Thus, 


Fapcp™ у)=А.х'у'+Вх'у+Сху'+ ху 


Table 3.3 shows these functions (орега- 
tions) with their names. 


Some of the primitives (from Table 3,3) 
are commonly encountered in logic design. 
Hence we shall study them briefly іп the 
following paragraphs. 


XOR Operation 


х@у=х'у+ху' 
хФуів І only when хів 1 or y is 1 but 
not when both x and у are І. 


Truth Table 


Following properties are obvious : 
Properties 

1. Cummutative : x®y=y@x 
2, Associative : (x@y)@z=x® (уФ2) 


3. If x yz then уфл--х 
хФуФ2-0 


4. Distributive : х(уФ2)--(х.у)Ф(х.2) 


i.e., AND distributes over Ф. 
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TABLE 3.3. 16 Functions of two variables 


Parameters 
[6 


^ Fungi Name of the operation 


0 0 Inconsistency 

UT uu 1 х.у ху AND 

0 0 1 0 ху' Inhibition 

МФК. 141 1 ху +ху=х 

0 1 О ху Inhibition 

p «з. Өй y 

0c 224 1: 9 хөу x'y+xy' XOR (Exclusive OR) 

0 1 1 1 x+y x+y OR 

1/0 sg Oi ОИ ху NOR (dagger) 

1-20 70 2L хОу ху-кху Equivalence (coincidence) 
d «00: wis Og NOI У NOT 

1.0 a i 1 ух ух Implication (y implies x) 
1 1 0520 NOT х 3 NOT 

159015 500“ рүү ХхЭвр х'+у Implication (x implies y) 
1 1 ІШЕР, xty ху NAND (Sheffor's stroke) 


Tautology 


Equivalence Operation Truth Table 


xQyexytxy 
The following properties are obvious : 
1. xQy-xey 
2. Commutative : xOvy=yOz 
3. Associative : x02 -(0»0z 
4. Distributive : х-(702) 
—(x4 9-2) 

5. If xOy=z, then xOz=y 

xOyO7=1 

yOz=x. 
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NOR/NAND Operations 
NOR : x4 у=х'у 
NOR TABLE 


Theorem 3.4. NOR is functionally complete. 
Proof. We shall prove the completeness 
of NOR by proving that ' (NOT) and ‘+ 
could be expressed using NOR, 
хүуеху 
(x у) (543) Gy") ў (г) 
TX Y xy) 
=(х-+у).(х+у) 
=x+ y 
х}ух=х-+х=х'.х' 
=х'. 
Thus, {+, '} сап be generated using NOR 
operator, since 4--, 2 is functionally com- 


and 


plete NOR is a functionally complete 
primitive. 
NAND : xt y=x'+y’' 
Theorem 3.5. NAND із functionally 
complete. 


Proof. Similar to that of theorem 3.4. 
3.6. COMBINATIONAL LOGIC DESIGN 


Major application of the theory discussed 
in the preceding sections is in the design of 
Digital Logic Networks. These networks fall 
in two catagories: (1) Combinational and 
(2) Sequential. 


Combinational logic networks are 
characterised by the output Boolean functions 
which are dependent on the present inputs. 
While the sequential network outputs depend 
not only on the present inputs but also on 
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some past history of the inputs and/or 
outputs. Usually the past history is stored in 
some form by storage (or delay) elements. In 
this section only combinational logic net- 
works are to be studied. 


A combinational logic network is compos- 
ed of various functional modules, inter- 
connected in a specified manner such that the 
desired output function is implemented. The 
modules are available as digital integrated 
logic circuits. These electronic circuits have 
inputs and outputs as electrical voltages, 
Usually two distinct voltage «levels аге 
assigned to the two logic values “1” and ‘0’. 


Definition 3.7. А module is said to 
implement a Boolean function with positive 
logic, if the higher voltage level is assigned 
to logical 1 and lower voltage level is 
assigned to ‘0’. 

Definition 3.8. The module is said to 
implement a Boolean function with negative 
logic, if the lower voltage is assigned to logic 
‘1’ and higher voltage is assigned to logic ‘0’. 


Example 3.13. Consider a device which 
has input/output characteristics as shown in 
Table 3.4. 


We shall examine what logical function 
this device represents under negative and 
positive logic. 

TABLE 3.4 


INPUTS OUTPUT 


—— af E 


, 


$ 
Volts Volts 
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І. Negative Logic. By definition 3.8 we 
have logical 1 аз volts, and logic ‘0’ as 5 
volts Substituting these in the Table 3.4, 
we.geta truth Table shown in Table 3,5 (a), 
of the function evaluated by this device under 
negative logic, 


TABLE 3,5 (a) 


TABLE 3.5 (b) 


Looking at the Table 3.5 (a), it is easy to 
see that this device implements a Boolean 
function given by f=x@y. 

2. Positive Logic. In this case 47 is 
assigned to higher voltage i.e., 5 volts, and 0 
to 0 volts. The Table 3.5 (5) shows the truth 
table formed by substituting these in 
Table 3.4. This truth table represents a 
Boolean function /--хС)у 


Throughout this book we shall assume 
that the logic modules work on positive 
logical basis, so that there is no confusion 
regarding the functions they implement, 


Commonly used function modules (called 
gates) are listed with their network symbols 
in Table 3.6, Using these symbols we can 
sketch logic networks implementing Boolean 
functions. 

Example 3.14. Design a combinational 
logic networker to implement the function 
fw x--w.y-4z'x! 4-y'x. 


Assuming tbat we have NOT, AND, and 
OR modules with any number of inputs we 
get the logic network of Fig. 3.6 for this 
function. See Fig. 3 6 carefully. 


3.6.1. Logic Design Example 


In this subsection complete engineering 
design of logic circuit is presented for simple 
hypothetical signalling system as described 
below, 


Example 3.15. There are four parallel 
railway tracks ata place. It is desired to 
know whether at this place three or more 
trains pass at any given time. Design an 


TABLE 3.6 : 2-Input Logic Gates and their network symbols 


Name 1596 symbols 
in the network 


Note: x and y are 


Boolean function implemented 
f(x,y)= х y 

f (x,y) = 
f(x,y) = 
f(x,y)= 
f(x, у)» 
f(x, У) 
f(x, у)= 
f(x, y)= xy + х'у'= x Oy 
f(x)= x’ 
Ед x 


input 


x+y 


х'у+ху' = x@y 


variables. 
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automatic signalling system, to signal the 
above condition. 

We assign variable w, x, y and z to denote 
the presence of trains on the four tracks 
respectively. A pressure transducer can be 
used to pick up the signal for the presence 
ofatrainon atrack, at a required point. 
Voltages picked up could be amplified and 
shaped into two levels so as to represent “1” 
and '0' for two conditions. (Presence or 
absence of a train). 


Signals from transducers 
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1 to 
f2wWkawysXy +x 2 


NETWORK 


A truth table can now be constructed as 
shown in Table 3.7 to indicate the desired 
condition (3 or morel’s on the input vari- 
ables w, x, y and 2) and the function f is 
entered in the Karnaugh Мар. Тһе 
simplified expression for f is given by : 

f=xyz+wxyt+wxz+wyz 


The logic network implementing f and a 
complete signalling system is shown in 


“Ер, 3.7. 


wxy 


А5: Amplifier shaper, LD: Lamp driver 


FIG.3-7 LOGIC DESIGN EXAMPLE 
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TABLE 3.7 


0 
0 
0 
0 
0 
0 
0 
0 


3.6.2. Logic Design With NAND/NOR 


Any switching function can be expressed 
using either NAND or NOR operations. 
Thus it is possible to implement logic net- 
works using only NAND or NOR gates. 


Designing with NAND/NOR poses some 
difficulties usually not encountered іп design- 
ing with AND, OR and NOT logic. This 
is primarily due to the fact that switching 
functions could be easily expressed using 
AND, OR and NOT operations. The main 
difficulty with NAND/NOR design lies in the 
fact that in order to obtain NAND/NOR 


realisations, corresponding algebraic expres- 
sion must be ‘factored’ in such a way that 
NAND/NOR will be the only operation in 
the expression. This step is usually quite 
complicated because it requires a large 
number of applications of X DeMorgan’s 
theorem, Example 3.16 illustrates this pro- 
cedure. 


Example 3.16 : Design a two-input XOR 
gate using only (а) NANDS 
(b) NORS. 


The function to be implemented is 
f=x'y+xy' 
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ҒІб.3:8 ХОН IMPLEMENTATIONS USING ONLY 


МАМО GATES 


(b NAND Implementation : 
fef'-xytyx 

AU (г.у) 

eH 


=x Ve wax 


. Уух 
KAPOU ty) 1 х))) 

where 47 denotes the NAND operation. 
The above expression uses only | opera- 
tor and hence could be implemented as 
shown in Fig. 3.8 (a). 

Alternate expression and implementation 
is obtained as follows : 


f=xy' +x'y 
аа +0)" +X) 
=(х+х) “(У ху) 


-хух . ХУУ 


пацан, а х)! (ау 


Nw х 


0 11 (2 
F1G.3:9 


The alternate implementation is shown in 
Fig. 3.8. (Б). Note that here same logic is 
implemented using only four NANDS (this 
thus is less costly). 


(b) NOR Implementation : Exercise 


The theoretical and applications oriented 
treatment have been presented in this chapter 
on the Boolean Algebra and logic design. 
The examples are given to help readers in 
better understanding of the material present- 
ed. Next section discusses some commonly 
used combinational circuits. 


37. SOME COMMONLY USED COM- 
BINATIONAL CIRCUITS 


Decoders, encoders,  multiplexors and 
demultiplexors are some of the combinational 
circuits which find applications іп many 
digital systems. This section is therefore devo- 
ted to the discussion of these circuits. 


13 t4 (5 16 17 


зтов DECODER 
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Input data lines 
—r o 
---“ТФ-30-0 

8 input 
lines = Output 
— o 


(a) Schematic 
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3 108 DECODER 


3Bit address of the line to be selected 
(b) Logic 


FIG.3-10 8101МІЛТІРІ.ЕХОН (DATA SELECTOR) 


311. Decoders 


A decoder is a combinational circuit 
whose function is to ‘decode’ combinations 
of input signals. A decoder with k input 
and m (m « 2*) output lines, where k, m are 
integers, produces an active (say logical 
*]') signal on опе of the m output lines, 
while other output lines are inactive. (logical 
Ф). А decoder with k input lines and m 
output lines is referred to as k to m decoder. 
Consider a 3 to 8 decoder shown in Fig. 3.9. 
In this decoder, the output line 14 takes 
value 417 if the input combination represents 
the number Ч. Thus, line Lo is “І if 
xyz=000, L,—1 if xyz=001, and во оп, In 
Fig. 3.9, the eight output lines are the out- 
puts of eight AND gates, each producing а 
true signal for a particular input combina- 
tion. 


3.7.2. Multiplexor (Data Selector) 


The function оба multiplexor is to select 
data from one of the many data lines. А 


multiplexor with m input lines out-of which 
one is to be selected is called a m to 1 multi- 
plexor. Usually m із a power о! 2. The 
logic for8 to І multiplexor is shown in 
Fig. 3.10, In this logic circuit, each data 
line is gated with a control signal (C; for 19 
line) by an AND gate. The multiplexor has 
3 ‘address lines’ which indicate а line to 
be selected. The address lines аге decoded 
by 3to 8 decoder which produces 8 control · 
signals Со, €; ..Ст. Since only: one of C; is 
true, the data from 1? line appears at one of 
the output AND gate, and other AND gates 
produce “0” at their output, which passes to 
the output line, 

The multiplexor discussed selects опе of 
the 8 data lines To implement selection of 
say one number out 8 numbers, each of 
length, say, 16 bits, we shall simply put 16, 
8 to 1 multiplexors of Fig. 3.10, all of which 
shall be driven by common address lines. 
313. Demultiplexor (Data Distributor) 

The use of demultiplexor is to distribute 


Output lines 


(a) Schematic 


3108 DECODER 


3-BIT address of the output line 
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Output data 
lines 


(b) Logic 


FIG 3-11 170 8. DEMULTIPLEXOR ( DATA DISTRIBUTOR) 


data coming оп an input line to one of the 
selected т lines. The schematic of demulti- 
plexor is shown in Fig, 3.11 (a). This diagram 
is same as Fig. 3,10 (a) except that signals 
flow іп the opposite direction. Since. logic 
circuits аге unidirectional we. cannot use the 
circuit of Fig. 3.10 (Б) to realise the demulti- 


ріехог. The Fig. 3.11 (b) shows the logic 
circuit of a 1 to 8 demultiplexor. In this logic 
circuit input line data is passed to one of the 
required O/P lines by opening the gate of that 
line. The gate open signals are again obtained 
from а 3 to 8 decoder as shown in 
Fig. 3.11 (5). 


EXERCISES 


l. Simplify the following expressions 
using theorems. and properties of Boolean 
Algebra : 

(a) x-y4 x'y'z 

(b) (x-Ex'y'z) 4 (x+x'y'2) . (x'+xyz') 
(с) X y-Ew'x'y'z-xy 

(4 арку xa oa! xd аха ха ХіХ... 


(е) x y-yz4wx'z 
(f) wxtxytwzTyz 
2. Find the complement for each of the 
following and then simplify : 


(a) x(y-z) .(х--у +z) : 

(b) wx (y(z4- x) J-w'x') J-(wx' 4-zy) 

(с) (A+B) . (C+D) . (B +A) . (A+B). 
(C+D)) 
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3. Given zexy'4- x'y show that 
yezxxu 
4, Find the values of the variables w,x,y 
and z by solving the following simultaneous 


equations. 
743722) 


ух юу 
wx-+wy +у=ут 

5. Prove that if A'B--CD'-—0 then 

AB--C'(A' 4-D') - AB--BD4- B'D' 

TA'C'D. 

6. Let the connective (operation)* is 
defined as A*B=AB+A'B’ and let C=A*B. 
Find which of the following are valid : 

(a) А=В*С 
(b В=А*С 
(с) A*B*C—1 
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7. Determine the canonical sum of pro- 
ducts representations for the following func- 
tions and simplify them using Karnaugh 
maps. 

(а) f(x,y,z) m2 (е жу) (х+У) 
(b) f(x, y, z)emx-- yz ysx 

8. Fill up the truth tables for the func- 
tions below and write down the canonical 
product of sums expression for them and 
simplify them using Karnaugh maps. 

(a) ЛА, B, Су-АВ-БАС 
(b) f(x, y, z) xy 

9. Determine the minimal sum of pro- 
ducts expression for 

(a) f=3(0, 2, 4, 9, 12, 15) -X(I, 5, 7, 10) 

(b) f=3(1, 5, 6, 7, 8, 9, 10, 14. 15) 

10. Find the maxterms of the fwnetfons in 
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(9) and write down the simplified product of 
sums expression. 

11. A safe has five locks, A, B, C, D and 
E. All of these must be unlocked so as to 
open the safe, The keys to these locks are 
distributed among the five persons in the 
following manner : 

Mr. Pitke has keys for looks А and C 
Ms. Aruna has keys for locks А and D 
Mr. Rajiv has keys for locks B and D 
Mr. Dicken has keys for locks C and E 
Ms. Chitra has keys for locks А and E. 

(a) Find all the possible combinations 
of persons that must be present to 
open the lock. 

~ (b) Find- the essential persons who 
— must always be present. 


12. Let f=34, 2, 6, 13) and f1—Z(0, 1, 2, 
3, 5, 6, 8, 10, 11, 13). Find f, such that /-/1. 
fe. Із fg unique ? If not indicate all possi- 
bilities. 

(13, Let f=3(0, 11, 12, 15), Determine fz 
and ўз such that /—f;-Ffif; where fi— 
X(0, 1, 2, 3, 5, 6, 8, 10, 11, 13). 
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14. Express fi and f; as functions of | 
xy and z for network of Fig. 3.12. 
15. Give the equivalent implementation fo 
Si, fa of (14) using 
(а) NANDS 
(b NORS 


16. A three input gate called *EXPLO 
whose table is shown below is manufacture 
by some unfortunate company. . 
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sbows that 


evidence 
10] aud 010. cause 
Your task is to determ 


Experimental 
put combinations 
gate to explode. 
whether this explode gate is completely use 
less or can be externally modified so that it 
may be used for implementing any switching 
function. If your answer is yes then give the 
external logic circuit and its connections to 
EXPLODE gate. 


DIGITAL SYSTEMS 


this chapter we shall study logic circuits 
which permit the нар and elementary 
manipulation of digital information. A 


class of circuits called sequential circuits are 
usually built using digital storage devices. 
This chapter is devoted to the discussion of 
logic circuits which are commonly used in 
building digital systems. 


4.1. INTPODUCTION TO SEQUENTIAL 
LOGIC CIRCUITS 


Combinational logic circuits studied іп 
chapter 3 have the property that the outputs 
of these circuits depend only on the applied 
input combination and аге completely inde- 
pendent of the past inputs or outputs, 
Sequential logic circuits are different from 
their combinational counterparts. Output of 
а sequential circuit not only depends on the 


|" 


4 


BUILDING BLOCKS 


present input combination but also on some 
past input and/or outputs. А sequential 
logic can be modelled by “Мо diagram 
shown in Fig. 4.1. 

Їл Fig. 4.1, а combinational jet circuit 
has some inputs derived from the memory 
elements (delays) which remember some past 
history of the network, The past history may 
be the outputs or inputs at some earlier time 
instances, 

As seen in Fig. 4,1, a sequential logic has 
feedback paths, Іп this chapter we shall 
study a basic component of a sequential logic 
called flip-flop (F/F) and use it to construct 
some simple oftenly used sequential logic 
circuit blocks /.e., registers, ccunters etc. 


4.2. FLIP-FLOPS 
A flip-flop is constructed using logic gates 


Inputs 


FIG. 4-1 


COMBINATIONAL 
LOGIC 
NET WORK 


Outputs 


SEQUENTIAL LOGIC CIRCUIT MODEL 


(37) 
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(Potta ) Clar Set (pull Qup) 


um (a) Symbol 
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Clear(R) 
(b) Logic 


FIG.4-2 8-5 ASYNCHRONOUS FLIP-FLOP 


to store a bit of information. The logic 
symbol of а flip-flop is shown іп Fig. 4.2. 
Variety of flip-flop types could be constructed 
by defining various input logic functions. 
424. Asynchronous Flip-Flop 
"The simple flip-flop (F/F), shown in 
- Fig. 4.2 is called an asynchronous R-S (Reset- 
Set) flip-flop. Á 
. The basic function of a flip-flop, as said 
earlier, is to store a given bit of information, 
Thus one may like to put a ‘0’ or ‘1’ in the 
flip-flop (the logic line Q is made 0 ог 1), 
The input R is usually used to put a ‘0’ in 
F/F (Reset) while the input 5 is used to put a 
1’ (set), The operation of putting a ‘0’ or 
‘I’ in F/F of Fig. 4.2 is analogous to raising 
a flag on the flag post by a thread if two ends 
of thread are available one to lower and one 
to raise the flag. If there exists some holding 
mechanism, the flag can be kept in upper 
or lower position even after removing the 
forces on the thread ends. This principle 


is also true for a F/F, Fig. 4.2 (b) shows how 
this could be achieved using logic gates. 


The operation of the circuit of Fig. 4.2 (b) 
is as follows : Normally В, S inputs are in ‘1’ 
state (when we do not want to change the 
F/F state). If О was its output, we shall 
Show that it remains at Q, The gate 2 has 
inputs О and R, thus its output із 1.Q=Q. 
The gate 1 has the inputs Q and S, therefore, 
the output of gate І is 1Q=Q: Thus if О 
was 0, it is maintained at 47, On the other 


hand if Q was ‘l’ it is maintained at a‘l’ 
level, Hence this circuit remembers а bit 
of information. Thus a F/F is the basic 
memory cell (storing а bit of information) 
in digital logic circuits, 


If R is made ‘0’ and S is kept at 1, then 
output of gate 2 is 0.0=1 and output of gate 
І is 1.1—0, giving О a value ‘0’. Now if the 
line R is taken to 1 from its previous 
zero value. Q still maintains a logic ‘0’. 
Similarly if the line S ів made momentarily 
zero while R is at “1”, О assumes a value 
4”, Thus the inputs R and S сап make 0 to 
store a ‘0’ or ‘1’. This flip-flop is called ап 
asynchronous flip-flop, Since the output of 
the gate 2 is at a complementry state to that 
Q, itis labelled as О. А F/F usually has 
both Q and Q as available outputs. 


4.2.2. Synchronous Flip-Flops 


Though asynchronous F/Fs are neverthe- 
less useful, many applications require change 
of the state of a F/F by a special pulse signal 
called clock, which represents the known 
time instances, А clock signal is shown ій 
Fig, 4.3. In synchronous F/Fs, а change in 
the flip-flop state occurs only due to the 
presence of a clock pulse. A variety of 
input logic could be defined for changing ? 
F/F state. This leads to the different type 
of F/Fs, We shall study these in the following 
subsections, 


Synchronous flip-flops change their state 
only when a clock pulse is applied. A table 
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"ўр! Output 


со Gat SE E 


Digital osciliator 
symbol 


Oscillator output waveform 


a clock pulse 


FIG 4-3 CLOCK 


called transition table or next state table is 
usually used to describe the behaviour of 
synchronous Е/Е5, The transition table has а 
number of rows which equals the possible 
number of combination of the inputs (exclud- 
ing clock) and for each combination, an 
output is specified, This output (next state) is 
assumed to be present after a clock pulse has 
been given to the clock terminal оба Е/Е, 


Clocked R-S Flip-Flop 


The logic circuit of this F/F із shown іп 
Fig. 4.4 (a) and its transition table is shown 
in Fig. 4.4 (b). The F/F consists of a basic 
F/F cell discussed earlier and a clock gating 
logic. 

The R-S clocked F/F works аз follows : 
A clock signal is gated with S-R inputs on the 
input -gating NAND gates, and depending 
upon the values of К, 8 the clock (with 
inversion) appears at gate 3 or 4. If R=0 
and S=1, the inverted clock appears at gate 
3. This provides “а momentary “0” аб set 


(a) Logic diagram 


input of the basic {F/F cell, composed of 
gates І and 2. As per the earlier discussion 
Q will. be set to “І” and consequently Q will 
take a value ‘0’, Thus а 417 is stored in the 
F/F, On the other hand if R«1 and 8-0 
gate 2 input will get a momentary ‘0’ and 
its output (О) will become “17, thus storing a 
*0' in О. If both R and S are at '0' and 
clock pulse is given Q will not be affected 
since the clock does not reach any of the 
gates І and 2, thus leaving О in its old state, 
On the other hand, if R—S=1, then. the 
clock reaches both the inputs of gates 1 and 
2 making Q and Q both logical опе, till the 
clock is present. After the clock pulse goes 
off, it is not possible to predict the next state, 
hence а '*' is entered іп the transition table 
for this combination. 


J-K Flip-Flops 


J-K F/Fs are characterised by the transi- 
tion table and logic shown in Fig. 4.5. 


The J-K and R-S F/F of Figure 4.5 and 


(b) Transition table 


FIG. 4-4. SYNCHRONOUS R-S=FLIP-FLOP. `. 
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(а) Logic diagram 


FIG. 4:5 


Figure 4.4 respectively have same number of 
logic gates and connections with the 
difference that the input gates have О and б 
as additional inputs, This із made (о define 
a fixed state of Qold for 1, 1 combination of 
J, К inputs, unlike an undefined state of R-S 
F/F for this combination. The circuit of 
figure 4.5 functions exactly like R-S- clocked 
F/F for all input J, К combinations except 
when J=K=1. In the case of 1, 1 combina- 
‘tion, due to the feedback connections from Q 
and 0, the clock will make Q high if О was 
low earlier (0--1 hence clock passes through 
the gate 3), Оп the other hand if О (old)— 1, 
Qis made high due to the passing of the 
clock through the gate 4, therefore, the clock 
actually complements the F/F state for the 
1, 1 combination of J and К inputs, 


The 1-К F/F discussed works properly for 
J=K=1 combination’ if the delay of the 
Е|Е nearly equals the width of the clock 


(Ы) Transition table 


J-K FLIP-FLOP 


pulse. However, if the pulse width is larger 
than the F/F delay, the action of clock will be 
continuously present and, the Е/Е state will 
undergo numerous complementations (till the 
clock is high) Depending upon the pulse 
width, the J-K F/F would have undergone à 
number of complementations before it has 
settled (after clock goes low). The evenness 
or oddness of this number will finally decide 
what state Q will have. This problem is 
called racing and has to be avoided, The 
most common approach to solve this problem 
is to use two F/F cells as follows. 


Master-Slave J-K F/F 

The logic circuit for a master slave J-K 
F|F is shown in Fig. 4.6. There are two Е|Ев 
ЕБІ and FF2 clocked by complementary 
clocks. The clock signal CK is normally at 
a logic 0. This disables the master F/F 
(gates 3 and 4) from the input logic (gates 1 


Slave F/F 


FIG. 4-6 MASTER SLAVE JK F/F LOGIC 
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and 2), thus the master F/F retains its pre- 
vious value. At this time the clock СКІ 
(CK) is at a logical ‘1’, producing Ол and Qm 
on the gates 5 and 6 respectively. If Од is 
0, the gate 8 output becomes І making gate 7 
output 0, thus Qm and Q аге ‘0’. On the other 
hand if О»-І, the gate 8 output becomes 0 
and gate 7 output becomes “Г, Thus the line 
Q (output of gate 7) follows the line Од, This 
is the reason why the FFI is called а master 
and FF2 is called aslave (і.е., slave F/F 
follows the state of master (ЕЕ1) when 
CK=0). When the clock CK becomes “1” 
theclock СКІ goes low and the outputs of 
gates 5 and 6 are “І”. Therefore, FF2 is 
logically disconnected from FFI. At this 
time the old value of the master is replaced 
as per J-K combination (the slave, since 
disconnected, retains the old value), Now if 
the clock CK is made low, slave follows the 
master and the changed state of master is 
followed by FF2. This arrangement even 
works for J=K=1 combination, since the 
feedback is taken from the slave F/F, whose 
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new state is entered only after the clock 
pulse has gone, 


Edge Triggered Flip-Flops 


A number of F/F types could be built 
which characterises the state transitions at 
the leading or trailing edge of the clock 
pulse rather than оп the clock itself, This 
implies that only the clock transition interval 
is of importance for the triggering (i.e., 
changing of a state) These l'/Fs could be 
constructed using a digital differentiator 
circuits discussed below, 


Digital Differentiator, Often, it із neces- 
sary to produce sharp pulscs at the 
leading and/or trailing edges of à given clock 
pulse as is done by a conventional RC 
differentiator. For example, un output of 
the RC differentintor will look like аз the 
one shown in Fig 4.7 (a). We аге interested 
in the pulses in the voltage range of a logic 
family, say 0 to 5 volts. -A negative voltage 
pulse of the RC differentiator has to be 
inverted in polarity if it is required to be 


POP, 
РЭ Р, 


(b)Waveforms derived form input 
pulse X with delay and logic 
operations 


FIG. 4-7 DIGITAL DIFFERENTIATION PRINCIPLE 
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(b) Trailing edge differentiation 
FIG. 4-8 DIGITAL DIFFERENTIATORS 


used. Тһе differentiation, сап well be 
accomplished using logic gates in an inexpen- 
sive way as follows. Since these circuits 
are carrying out the equivalent of differentia- 
tion, we shall call them аз digital differ- 
entiators. 


Consider the waveforms Рі, Р», Ps and P, 
shown in Fig. 4,7 (b), These waveforms are 
obtained from an input pulse X by delay апа) 
or inversions. They could be suitably 
combined using AND/OR logic gates. to 
produce the required small duration pulses. 
Forexample, a sharp pulse at the leading 
edge of a given pulse can be obtained by 
‘ANDing’ an input pulse with the inverted 
delayed input as shown іп Fig. 4.8 (а). 
Fig. 4.8 (Б) shows the logic circuit for obtain- 
ing a sharp trailing edge pulse. [n such logic 
circuits, the delay required could be obtained 
by using delays in the logic gates themselves. 


Edge triggered F/Fs can now be-cons- 
tructed easily. using tue principles of 
differentiators. А F/F is constructed with an 
internal clock which is the differentiated 
output of the external clock signal. 


Depending upon whether а leading or а 
trailing edge differentiator is used, the F/F 
can be constructed to trigger at the leadizg 
or the trailing edge of the external clock. 


Edge Triggered JK Flip-Flop 


Consider a F/F shown in Fig, 4.5. This 
J-K ЕЕ will work properly if the clock width 
is made nearly same as FF delay. Е/Е delay 
is equivalent to the delay of 2 logic gates. 
Fig, 49 shows an edge triggered JK F/F 
triggering at the trailing edge (the external 


clock passes through the trailing edge 
differentiator), 
Other Types of Flip-Flops 


Two more important flip-flops which are 
usually encountered in logic circuits are 
Toggle F/Fs (1F/Fs) and Data F/Fs (ОЕ Ев). | 
The former are usually required іп construct- 
ing counters while latter are used in registers. 
Nevertheless, any flip-flop type could be 
modified externally to behave as required for 
its input logic. 


T-Flip-Flop B 
The transition table and the logic circuit 


. FAG. 4:9 EDGE TRIGGERED J-K FLIP-FLOP, 
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FIG. 440 Т (TOGGLE) 


for this F/F is shown in Fig. 4.10. The F/F 
output gets complemented for every 
clock pulse іп T F/F if input T=1, otber- 
wise nothing happens to Q, This is 
implemented by connecting J-K inputs 
together and calling this connection as T 
input, Since J=K (due to connection), for 
1-К.-0, іе, T=0, Qu=Qua and for 
J=K=1, Qa= Ола as per the transition table. 
D Flip Flop 

This flip-flop -has D as a data input. A 
clock pulse enters the value on the data line 
into the F/F. The circuit symbol, transition 
table and logic circuit using R-S (J-K F/F 
also can be used) flip-flop is shown in 
Fig. 4.11. 
Converting One F/F Into Another 

The last two F/Fs studied each use a J К 
or R-S F/F internally. It is interesting to 
know whether we can construct a J-K or say, 


, а 


ск 
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'FIG. 4.11. D FLIP-FLOP 


FLIP-FLOP 


D F/F using T F/F ог any other flip-flod 
available by addition of extra logic. In this 
section we shall show and study a procedure 
by which we can always convert à given edge 
triggered or master slave F/F into any requir- 
ed F/F by adding external logic. The 
seemingly difficult task of converting a D F]F 
into J-K F/F will be illustrated now. The 
logic diagram shown in Fig. 4.12, in fact, 
does the required job. This can be verified by 
computing the transition table for J, K using 
the circuit of Fig. 4.12. 

The procedure is very simple. Тһе 
transition tables of both the F/Fs are known. 
It terms of these tables, a conversion circuit 
has to шар the transition table of a given 
F/F into that of a required Е/Е. The table 
shown in Fig. 4.12 has 3 input variables and 
one output variable D, This table gives the 
switching function defining D with J, K and 
Q acting as inputs. 
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4.3. REGISTERS 


Registers are used to store the binary or 
binary coded numbers. To store an n-bit 
number we require ап n-bit register. Such а 
register can be constructed from n flip-flops 
as shown in Fig.4.13. All the flip-flops in 
the register have а common clock so that 
n-bit data could be entered simultaneously. 
This operation of entering data into the 
register is called loading. In Fig. 4.13 (b) a 
register is constructed from D F/Fs. 


This register is called *parallel-in, parallel- 
out' because of the fact that data could be 
entered and observed parallelly. 


Shift Registers, A shift register is made 
of F/Fs connected as shown in Fig. 4.14. 
Every clock pulse shifts the contents of the 
register by a fixed number of bits. The 
shift register. shown in Fig. 4,14 shifts the 
data to the right by 1 bit. The vacated 
position is filled by the data on the serial-in 
line. The data on the serial out line is lost 
after every clock pulse. 


Since the output of a flip-flop is connected 
to the D input of the right neighbour, every 
pulse shifts the data in the register by 1 bit 
right, 

In general one may have a shift register 
with various shifting capabilities. A shift by 
І bit left or right, 2 bit shift etc., may be 
jointly made available in a shift register by 
additional logic, There are several types of 
shift registers available in the Integrated 
Circuit form. 
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44. COUNTERS 
Counting is a primitive operation (x«-x4-1 

(count up) and x«-x—1 (count down). Any 
arithmetic operation (і.е., add, sub, multiply, 
divide) can be achieved using counting. In 
digital systems, counters are devices compos- 
ed of logic circuits in which the numbers are 
counted (Inc/Dec by 1). The numbers сап 
be in various codes ; /.e., pure binary, gray 
code, BCD etc. In this section we shall study 
binary and BCD (decade) counters. There 
are two types of counters. 

* Asynchronous counters 

* Synchronous counters. 


In asynchronous counters, the states of all 
the F/Fs do not change at a precisely given 
instant although a clock signal is used. 
Contrary to this, іп synchronous counters, 
all the F/Fs make a transition at the common 
clock time. 

44.1. Asynchronous 
Counters 


We shall illustrate the principle involved 
in these counters with the help of 4-bit up 
counter. The 4-bit binary counter has 4 F/Fs 
connected in the manner such that the joint 
state transitions of all the 4 F/Fs are as per 
the Transition Table shown in Fig. 4.15 for 
every clock pulse. As can be noted, the 
value of the 4-bit number in the counter 
register increases by one for every clock 
pulse. 


Construction of the up counter is equiva- 
lent to achieving the state transitions of 


Binary (Ripple) 


Qs, Q, Qi and Qo F/Fs as рег the table of 
Fig. 4.15 (b). 

Let us see bow ме could construct a 
counter for the. said transition table. И can 
be seen that the bit. Qo (LISB) F/F makes 
transition for every clock pulse given to the 
counter, and the О; F/F makes a transition 
when the Q F/F makes а І to 0 transition, 
In fact, it can Бе observed that a F/F in bit 
position ‘i’ makes a transition (its state is 
complemented) if the F/F in bit position 1-1 
makes a | to 0 transition. Therefore, if we use 
the F/Fs which are triggered at the trailing 
edge of the clock, О output of (i-1)th F/F 


Counting 
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FIG. 4-15. 4-BIT ASYNCHRONOUS UP COUNTER 3 
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could be connected to the clock input of һе 
ith F/F. This is what is shown іп Fig. 4.15 
The 4 FJFs have the outputs as shown in wa 
forms in Fig, 4.16. It may Бе noted from 
Fig. 4.16 that the frequency of the wave- 
form: at the line Qo is half of the input clock 
frequency. “Similarly each -F/F in the highe 
order has frequency: scaled Бу half to Ше 
frequency of its lower order neighbour, 
Thus each flip-flop output in the сойпіе 
represents the counting of pulses by а ро 
of 2, 


A four bit down counter decreases 
binary number in the counter register by 1. 
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FIG. 447 4-BIT ASYNCHRONOUS DOWN COUNTER 


for every input clock pulse, In other words, 
the stat€ transitions shown in the table are 
Scanned in the right to left manner. It can 
be easily seen that such a counter can be 
constructed using the same logic diagram 
(Fig. 4.15 (а) by using F/F triggering at the 
leading edge. However, if we use Е/Е 
triggering at the trailing edge, we shall have 
to use the output Q of each F/F as a clock 
for the next neighbouring F/F. This is shown 
in Fig. 4.17. 


44.2. Synchronous Binary Coudters 


Unlike їп the asynchronous counters, 
synchronous counters have the same clock 
signal for each of the flip-flops, This makes 
the state transitions of all the flip-flops- to 
occur at the same time instant. 


The synchronous binary up counter can 
be constructed again by noting the relations 
between а current states and the next state, 
From the Fig. 4.15 (b) itcan be noted that a 
F/F makes a transition if all ‘its previous 


F/Fs are all in “І” state. -For example, the 
state of the F/F X gets complemented if 
Ү.2--1,1.е., 


(0) WX YZ 
АД 1 Y=Z=1 


ТЕ 


X getting complemented. 


0 1 


(ii) O1)11 
te- 
10100 


Y-Z-I 


X getting complemented. 


. This rule is true for any bit position, while 
the least significant bit gets complemented 
for each clock pulse, The logic circuit of a 
synchronous .4-bit ир counter із shown іп 
Fig. 4.18, In a 4-bit down counter a F/F 
gets. complemented if the previous F/Fs are 
all at logical '0's; Thus in the logic diagram 
of Fig.4.18. О should take part'in the 
connections shown for Q if one wants to con- 
struct a down counter. i 
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4.4.3. Decade Counters 


Decade counters are logic circuits count- 
ing numbers from 0 to 9 or from 9100 
Such counters are also called module 10 
counters or BCD counters (binary coded 
decimal), A decade up counter can be cons- 
tructed using a 4-bit binary counter with 
some modifications. In the binary counter 
after а count of nine, the next count is ten, 
while in decade counter it is zero. Thus if 
it is possible to enter a '0' in the binary 
counter at the end of the count 19”, we can 
easily construct a decade counter. Normally 
most of the available F/Fs in TTL logic 
family have set and rest asynchronous inputs 
(called preset and clear respectively) and thus 
a state of ‘nine’ (1001) could be decoded 


and used to clear ail the F/Fs of the counter 
as shown in Fig. 4.19. 


On similar lines a decade down counter 
can be constructed by decoding а state of 
0000 and entering 1001 in the counter through 
asynchronous inputs of the F/Fs. 

In general a binary counter using n bits 
could be modified to count modulo P(P <2"). 
An n-bit binary counter is in fact a modulo 2" 
counter. While counting up or down, when 
the state “0000” is reached it is to be indicated 
by the carry or borrow signal for up or down 
counters respectively. 


4.4.4. Digital Clock : An Application of 
Counters 


A digital clock using digital logic circuits 
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and seven segment displays, can be construct- 
ed as discussed іп this section. Іа the 
standard TTL 54/74 logic family, decade and 
other counters are available, We shall 
discuss the design using modulo p counters, 
p taking values of 6, 9, 2 etc., depending 
upon the position of the counter in the count- 
ing chain. An electronic clock with a dis- 
play of hours, minutes and seconds requires 
2 digit counters for minutes and seconds and 
a special 2 digit counter counting from І to 
12 for hours. 


The complete block diagram of the clock 
is shown in Fig. 420. This clock may use а 
frequency of 50 Hertz (line frequency) as the 
input. This frequency is scaled down by а 
modulo 50 counter which can be constructed 
using 6-bit binary counter with reset at 
the count of 49, Every counter block gives out 
the carry signal which acts as a clock for the 
next counter block. First two modulo 
counters count modulo 60. The same is the 
case with next two counters (minutes). The 
last counter is a modulo 12 counter. Ali 
the mod p counters used in the logic diagram 
assume states from 0 to p-l, except hour 
counter which counts from 1 to 12. 


The contents of these counter registers 
are displayed using seven segment displays. 
If the displays do not have decoders, they 
will have to be inserted between the counter 
Stages and the displays. 


44.4. Binary Rate Multiplier 


Modulo p counters discussed in the earlier 
sections can count or divide the input wave- 
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forms. Suppose it is required to pass ‘k’ 
number of pulses for every p input pulses, 
p>k, to the output, with the best possible 
(uniform) spacing of the pulses in time, 
Consider the sequence of 16 input pulses as 
shown in Fig, 4.21 (а) and the output shown 
in Fig, 4.21 (6) which has 5 pulses. One 
could output 5 pulses in a variety of way. 
In Fig. 4.21 (Б), the pulses are distributed in 
the best possible manner in time, while in 
Fig 4.21 (с), there is по pulse for a consecu- 
tive 11 pulse positions. Ideal equal spacing in 
time is impossible since we cannot produce 
frequencies of any arbitrary scale factor. In 
the above example a scaling of 5/16 is 
achieved on the input pulses. Such tasks 
cannot be done by counters alone. 


Binary rate multipliers are the circuits 
designed to carry out this task. The name 
binary rate multipliers is given to these сіг- 
cuits since they multiply the rate by a factor 
К. 

29; 


The logic circuit of the 4-bit binary rate 
multiplier із shown іп Fig. 4.22 and works 
as follows. The BRM of Fig, 4.22 can multi- 


ply any input frequency by a factor of E. 


0< К « 15. The required rate multiplier 
coefficient (K) is loaded in the 4-bit register 
used for the purpose. А 4-bit up counter 
counts the input frequency f. The counter 
bit wave forms represent the f/2, /14, /18, /116 
components, 
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FIG.421 PULSES TO ILLUSTRATE BRM 


input frequency 


DIGITAL COMPUTER DESIGN PRINCIPLES 


*—— 4 Bit value of К to be supplied here —-———4 
DD : Digital differentiator (Leading edge) 
ҒІб.4-22 4-BIT BRM 


Considering only 0—1 type of transition 
0-1 байшин occur only for one Е/Е at a 
time, (һе Е/Е Z makes exactly 8 transitions, 
y makes 4 transitions, x makes 2 transitions, 
and w, makes 1 transition for every 16 input 
pulses. If one wants to produce К pulses for 
every 16 pulses (as indicated by the coeffici- 
ent register) we could select the combinations 
of these transitions depending upon bits of 
K. Thus a bit K;=1 implies a number 8 anc 
thus transitions of 2 could be used in con 

junction with the F/F К». Similarly for othe 

bits the respective counter bits are chosen, 


The number of pulses at the output can be 
written as Boolean function T as given below, 
A digital differentiator can be used to pro- 
duce a pulse for a transition. 

T=K3.z,+Kay, KiX,+Ko wp 
. Where Zp, Ур, хр and Wp аге the pulses. pro- 


1 


“із usually used as a digital syst 


duced for the transitions of z, y, x andw 
signals by differentiators. 


4.5. TIMING AND CLOCK CIRCUITS 


Timing and clock circuits are very impor-. 
tant in digital’ logic’ circuits. Practically 
every logic. circuit has a clock circuit. The 
clock pulses we talked about in the earlier 
sections are usually derived from the clock 
circuits. We discuss in this section two basic 
circuits called ‘astable’ (digital oscillator) and 
a monostable logic elements. 


4.5.1. Astable (Digital Oscillator) 


This circuit is designed to produce square 


М : e 
¿Wave oscillations. Th: obtained square wav 
em clock, 


Fig. 4.23 shows one implementation of the 
astable circuit using two NAND gates. 


- ; it is 
This circuit keeps oscillating once it! 
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(b) Waveforms 


Е16.4:23 ASTABLE (DIGITAL OSCILLATOR) 


started. Assuming that it  oscillates, the 
operation can be briefly explained as follows. 
А 0 to 1 transition at the output of gate 1, is 
transmitted by the capacitor Сұ to the input 
of gate 2, which therefore produces a 1 to 0 
transition at its output. This transition produc- 
es a negative voltage pulse at the inputs of the 
gate І which is obsorbed by the: input ‘diodes 
(іп TTL) thus keeping inputs: аға logical “д”. 
When С» gets discharged, gate 2 produces а 
Oto 1 transition which баз а similar effect as 
a 010 І. transition.on the gate 1, Fig, 4.23 (b) 
shows the waveforms on the ‘points A and B 
in the logic circuit of Fig.-4:23 (а). 


The frequency of the oscillator depends 
upon, the КС time, constants. in the: circuit. 
The , calculation. сап Бе; тайе ав follows by 
taking gate 2 as the output, 


The ON (Logical ‘0’) Time 


Assuming the voltage of 0'4 volts (logic 
0) at the point A, when gate І changes from 
0 to 1 (logic 1 corresponds to 36 volts), the 
voltage at the point А decays exponentially 
from 4 volts towards zero. Using TTL logic 
ates whose transfer curve separates 1 and 
O at 1'2 and 1°4, we сап say that gate 2 will 
change the output when its input falls to 1:2; 


volt. The time to required is given Бу: 
де "1а 2 
1.2 
ie., -ЕС- x два —— 4 


= КаСаІов, E 


The OFF (Logical 417) Time 

Similarly the off time (logical 0) ty, 
depends оп the other time constant and is 
given by : 


4 
t; R1C; 4-2) ша 


The frequency: of oscillation is given by. 
1 пин 
hi fo 


It is to be noted that the value lor Rs or Ry 
cannot be ‘chosen arbitrarily; “This is due to 
the fact that ‘the’ resistor ‘must © represent!a’ 
sinking load; capable: of sinking the specified 
input current of the gate without raising the 
voltage асговв itself; beyond the ; acceptable 
logical :0' Jevel - (іге., 0:8: volts}. Thé value 
of the resistance for TTL сарай not е 
bevond 500 ohms, 


The RC oscillators built from the idt 
principle are not. stable enough in frequencies: 
due to the variations іп parameters like, 
currents, resistances capacitors etc., due to 
aging and ambient conditions, 


Crystal Oscillators 


Quartz, crystals are components whose 
natural frequencies of oscillation) could be 
exploited іп constructing clocks. These 
crystals are easily available with a variety of 
frequencies of oscillations above 100 KHz. A 
crystal can be used in the clock circuit аз 
shown in Fig. 4.24. Crystal frequency 
oscillators аге highly stable in frequencies. 


erystal 
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FIG. 4:24' CRYSTAL OSCILLATOR 


They represent an inexpensive way of accu- 
Fately timing the various events in the digital 
Circuits, 


4.5.2. A Monostable 


A monostable is a circuit which produces 
a pulse of a required width when triggered 
for the operation. One of the simple logic 
Circuits of a monostable is Shown in Fig, 4.25. 
This circuit differs from the circuit of 
Fig. 4.23 in one of the feed back connections. 


Normally the triggering signal and Q 
Output are at logical ‘1’ state, This makes 
gate 1 output normally ‘0’, When the trig- 
Bering signal goes low, the output of gate 1 


Trigger pulse 


goes high and this transition is passed to the 
Point A, making gate 2 go low. Since the 
output of the gate 2 is fed as input to gate n 
gate 1 output remains at high state even if the 
triggering signal returns to ‘l’ state, The 
output of gate 2 remains low till the capacitor 
discharges. Тһе time constant RC thus 
determines the pulse width at Q. 


The logic circuits discussed in this section 
presented the basic principles involved in 
designing these circuits using logic gates, 
However, all these circuits are available 8$ 
ICs with many other facilities included in 
them so that they could be used for variety 
of applications, 


R= 800.л. Output 


FIG. 4-25 MONOSTABLE CIRCUIT 
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EXERCISES 


1. You have been given the clocked 
synchronous edge triggered flip-flops. Ву 
addition of external logic convert them as 
required, 

(а) а J-K flip-flop into D flip-flop 

(b) a J-K flip-flop into T flip-flop 

(с) а Т flip-flop into D flip-flop 

(d) a D flip-flop into T flip-flop 

(e) a D flip-flop into a J-K flip-flop 

(f£) aT flip-flop into J-K flip-flop. 

2, Using T flip-flops design a 4-bit shift 
register, 

3. Using D flip-flops design a 4-bit binary 
counter, 


4, Using D flip-flops design a decade up 
counter, 


5. Repeat (4) for decade down counter, 


6, Design a modulo 60 asynchronous 
counter using J-K flip-flops having preset and 
clear inputs, 


7. Design a modulo 60 synchronous 


counter using J K flip-flops. 


8. Assume that the propagation delay of 
a flip-flop in (7) is 50 ns and delay of gates is 
60 ns. Calculate the maximum clock 
frequency for the counter in (7). 


9, Design a 5 phase clock which gives 5 
pulses on lines Рі, Р», Ps, P, and Ps. Тһе 
pluses are іп time sequences, і.е, P; comes 
first, thes, Ра comes, then Ps, then P4, then Р, 
and then Рі again, These pulses are to 
derived from a master clock oscillator. 


10, A master clock is a free running 
oscillator. This clock has to be given to the 
circuits which are making use of it. The 
clock has to be stopped and started by 
asynchronous inputs j.e., start/stop signal 
may come from a outside the system. Design 
a circuit which would synchronise the start/ 
stop operation such that the clock will be 
started/stopped in synchronism. 


ll, Design а sequential circuit which will 


take Г з complement of an incoming serial 
binary number (sign bit is leading, followed 
by other bits in least to most significant 
order). 


12. Repeat (11) for 2’s complement. 


13, Design a shift left register which can 
shift the data by І bit, 2 bit or 4 bits as per 
the requirement. Assume three control 
signals which will indicate the required shift- 
ing, Assume that only one of these three 
signals will be truc at a time, i.e., we require 
one of the available three shift operations at 
a time, 


14. Repeat (13) for right shift. 


15. Repeat (13) for left as well as right 
shift, Assume extra input indicating left or 
right. 


16, Design а shift register which can 
shift left or right by any amount from 1 to 
7, Thenumber of shifts required will be 
told through a 3-bit binary number, (Hint. 
Use (13), (14), (15) and 3 pulses), 

17. A shift register is given. Construct 
a circuit which tells the number of 18 
contained in this shift register (assume 16-bit 
shift register). 

18. Shift register bits in (17) are number- 
ed from 0 through 15 and it contains exactly 
asingle “Г in it. Itis required to know the 
position of this “І”. Construct a circuit to 
carry this out. 


19. A 16-bit register contains 175 and 0°. 
Design a logic circuit to find the block which 
contains the maximum number of 15. Circuit 
should give out the number of l'sand the 
starting bit from where this block starts, 
Register can be assumed as a shift register if 
required. 


20. Using 4-bit binary up/down counters, 
design a circuit which (і) adds, (ii) subtracts 
two unsigned binary numbers, Give the 
maximum number of pulses required. 
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FIG. 4.26. EXAMPLE CIRCUIT 


Entrance 
door 


Pulse LI 
available | й 
when a student enters 


21. Using the adder designed in (20), 
design a multiplier to multiply 4-bit numbers. 

22. Using counters, design a logic circuit 
which. finds. remainder of a number X when 
it is divided by Y. Assume X as. 8-bit and 
Y as 4 bit long. Also assume that X and Y 
are Unsigned numbers. 

23, Repeat (20), (21) and (22) for decimal 
numbers using decade counters. 

_ 24. Design an. electronic circuit to carry 

out some job in your house. 

Example. Design а circuit. which will 
automatically switch. on your study room 
lamp when you say ‘Light’ (or some word) 


four times and switch it off if you say ‘light’ 
fice ^ 


4 


Маіп : 


Exit door 


“LI Pulse available 
when a student exits 


FIG. 427 STUDY ROOM 


25. Find the outputs 9% апа Ов after 


applying 3 clock pulses. to the logic shown. 


in Fig. 4.26. 


26. Fig. 4,27 illustrates the study room of 


two students. At each door, there is a light 
cell which outputs a pulse when a student 
passes through a door. Assuming that one 
door is for entry and other for exit, design 
a logic circuit, which would put ON the bulb 
in the room, if at least one student is in the 
room, else, the bulb should be OFF. 

27. The pulse sequences (Fig. 4.28) Р: and 


P, are required for certain control functions. | 


Design the logic to obtain these sequences. 
Assume that the main clock (square Wave 


* oscillator) is available, 


а а mm) epum zpopm [35 ра La EJ. Lg 


- 


FIG.428 PULSE SEQUENCES 


BINARY ADDITION AND SUBTRACTION 


VERY digital computer has іп Ив 
arithmetic unit, an adder for carrying out 
addition/subtraction of binary numbers. Іп 
this chapter, we shall discuss how these 
operations are mechanised: by logic circuits. 
Arithmetic values (0, 1) assumed by digits in 
binary numbers аге assumed to бе represen- 
ted by truth values of these digit variables. 


54. ADDITION ОЕ UNSIGNED 
INTEGERS 


Let X and У be two n-bit binary integers 
to be added and let S be their sum. Thus if, 


1 


n— 

X= 5 x 26 and 

1—0 

n—1 қ 

Үз x yz 24, then 
і--0 


п--1 
S= X 5s*, 
i=0 
where 8 is the sum with 56 as its ith bit. 
Example 5.1. 
Add Х--01011, and Y 01011 
43210 —digit positions 
Х--01011 
Ү--01001 
10110 <-саггіев 
5--10100 


(55) 


In this example, at every digit position і, 
i—1,2... n—1 we have added three single 
bit’ numbers x; ys and с; (carry). Тһе 
result of this addition gave us a 2 bit number, 
whose least. significant bit is put as a sum 
digit in the position і and the most significant 
bit is passed to the next stage as a carry, for 
example, at bit position 1, we have : 


xityitco=1+0+1—= 10 
carry | | sum 


The example given. above clearly identifies 
a primitive block (adder for xi, yi and cc1) 
which is fünctionally complete to implement 
the addition of n-bit numbers. This block 
is called а ‘full Adder’ and its logic circuit 
implementation jis discussed in the next 
subsection. 


5.1.1. Full Adder 


The block diagram .of a full adder is 
shown in Fig. 5.1. To construct the logic 
circuit for this block, we use Boolean algebra 
and work out the multi-output switching 
function for sum and carry outputs. Truth 
functions for. sum and carry are shown in 
Table 5.1. 
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TABLE 5.1. 


The output Boolean functions s (sum) and 


с (carry) are given by ; 


ge X! У Cint X ус i bey’ Cint X yCin 
mCa(X y' ху) bein (x! y. xy) * 


=CinOx@y ; and 


Ста yeu Xy Cin T x yeu! T хус» 


=(хФ}) cot xy 


Xn-1 


Yn-1 


Full Adder 


$n-2 
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Also, 
с==(х-Ьу) €ind- xy. 
Logic network implementing these func- 
tions is shown in Fig. 5.2, 


x 
pi 
“п 


FIG 52 LOGIC CIRCUIT 
5,1.2. Parallel Addition of Two Numbers 


The addition of two n-digit numbers can 
be carried out now, using one full adder for 
each stage by arranging п full adders as 
shown in Fig. 5.3, 


Note that carries propagate (ripple) from 
least significant position towards the most 
significant position, Due to this reason these 
adders are called ripple carry adders, Assume 
ing a time delay of Ar units for each full 
adder to produce a carry and a sum, this logic 
network can perform the addition in Ап 
units of time. 


As an integrated circuit package, 4-bit 
adders are commonly available. One such 
module is 7483 in the 7400 series of TTL 
digital ICs, This logic module contains four 
full adders connected to form a 4-bit binary 
adder, with a special logic to work out the 
carry from the most significant bit position. 


Е!6.53 п- BIT PARALLEL RIPPLE CARRY ADDER 


BINARY ADDITION AND SUBTRACTION 
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“---------- 16-bit sum --------- 


(b) Parallel adder using 7483 blocks 
FIG.5-4 ADDER CIRCUIT 


The block diagram of 7483 is shown in 
Fig. 54 (a), and a 16-bit binary adder using 
these modules is shown in Fig. 5.4 (b). 

Due to the special carry out (see section 
5'6) circuit within 7483, the time delay of 
Cout Signal is only one unit (instead of four 
units as would normally be expected), There- 
fore the addition time for the 16-bit adder of 
Fig. 5.4 (b) is only four units of time. 


Serial-in 


REGISTER 1 


REGISTER 2 


5.1.3, Serial Addition of Two Numbers 


The bit by bit serial addition of numbers 
can be carried out using only one full adder, 
The arrangement is shown in Fig. 55, In 
this diagram, two n-bit shift registers hold 
the two operands to be added, Initially carry 
F/F is cleared by the reset signal, The clock 
is started to give n-clock pulses, At every 
stage, the full adder works out the sum and 


Serial-out 


FULL ADDER 


Serial-out 


initially 


FIG. 5-5 n- BIT SERIAL BINARY ADDER 
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carry signals. The sum is connected to serial- 
in point of one of the register and carry is 
stored in carry F/F ; which supplies the carry 
for next stage. After n-clock pulses, the 
register | contains the sum and carry F/F 
contains (һе carry out from the last stage. 
Register 2 could be restored with original 
number by providing the serial-out to serial- 
in conaection (not shown in Fig. 5.5). 


52, BINARY SUBTRACTION 


А single stage subtractor (sex«—yi— bii) 
could be developed on the lines of full adder. 
To carry out subtraction of n-bit numbers, 


n such blocks could be used, however due to 
properties of complements, subtraction could 
be very easily expressed as au addition of the 
complement and therefore, arithmetic units 
seldom have а subtraction. hardware.. This 
point will be apparent from section 5.3, 


53, ADDITION AND SUBTRACTION 
_ OF SIGNED BINARY. NUMBERS 


"Signed binary numbers could Бе represent- 
ed. in. апу of the following forms (see 
Chapter 2)/ 

A Sign- magnitude form. 

2. Sign-2's complement form, 

3. Sign-1’s complement form. 

In thi section mechanized methods for 
addition and subtraction of numbers are 


presented for each of the above number 
representations. 


5.31. Numbers in Sign-Magnitude Form 
Let X and Y be two signed numbers with 
signs x, and y, and magnitudes X* and У" 
respectively. The addition/subtraction of X 
and Y have four possible cases as shown 
below : 
(а) Addition 
i. (+X*)+(+Y*) 
ii, (4-X*) -(—Y*) 
ili, (—X*)+(+Y*) 
«іу. (—X*)+(—Y*) 
(b) Subtraction 
і. (+X*)—(+Y*) 
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іі, (+X*)—(—Y*) 
ій. (—X*)—(+Y*) 
іу. (—X*)—(—Y*) 


These’ four cases of subtraction аге 
équiyalent to : 
(+X*)+(—Y*) (Case ii) 
(+X*)+(+Y*) (Case i) 
(—X*)+(—Y*) (Case iv) 
(—X*)--(--Y*) | (Case iii). 


These four cases are the same as those 
listed for the addition. Thus, a subtraction 
(X—Y) of signed numbers is equivalent 10 
addition of Y with complemented sign. 


Let 5, and S* be the sign and magnitude 
of the sum S=X+Y. Clearly S*-could be 
obtained by either addition or subtraction of 
unsigned numbers X* and У“, The sum 5% 
and sign s, for cases (/) and (іу) is given by? 

S*—X*--Y* and 4 
$,7-x, (ог also ys) 4 


For {һе remaining two cases, the sum is 
given by : 
S*= 


хе ўе” (Case іі) 
Y*—X* (Саве iii), and 
the sign of the result (sum) will be positive if 
the difference is positive. Оп the other Бай 
if the differerice is negative, the sign of sum 
will not only be negative, but the result will: 
be іп 28 complement form. This point is 
illustrated by the following example : 
Example 5.2. 
Х«---5, Y=—7 
Х--0, 0101 
Y —1, 0111 
Addition of X and Y is performed asi 
below : 


thus 


х- 0101-4445) 
—Y*-— 0111 +(—7) 
1 1100 borrows 


S*—(—1) 1110--1.2:--14----2 


borrow 


Because of the borrow at the most signifi 
cant position (it$-value-is — 1.24); the result. 


BINARY ADDITION AND SUBTRACTION 


(а) 


(b) 


ЕЮ.5-6 ADDITION/SUBTRACTION OF NUMBERS IN 


SIGN MAGNITUDE FORM 


is —1.2:--14— —2 (0010 in binary); the S* 
obtained (1110) is in 28 complement form, 
Therefore, S* must be complemented so that 
sum is obtained in sign-magnitude form. 


For certain values of operands, the result 
of an arithmetic operation is not possible to. 
be stored in a machine register (usually fixed 
in length). These cases are indicated by 
setting a flag (a Е/Е) called overflow (OVF), 
Note that a carry/borrow from the most 
significant position loes not always result in 
a overflow, 


А complete algorithm for addition and 
subtraction of numbers in sign-magnitude 
form is given in Fig. 5.6 (a). 

Тһе implementation of the actions of the 
flow-chart of Fig. 5.6 (a) by digital logic 
requires ай adder and two subtractors (one 
subtractor if X*, Ү* аге appropriately ex- 


changed). In addition, we also require а 
decoding logic to decide the various combi- 
nations of x, and у,, so that the appropriate 
flow of actions are performed. А reduction 
in hardware is possible if complements аге 
used, For cxample, let Х----Х" and 
Y ——Y* ; then X+Y is given by: 
(+X*)+(—y*)= + X*+(¥*). 


Now both operands could be treated as 
unsigned, and an addition performed on X 
and Y. [See Fig, 5 6 (b)] 


Example 5.3. 


Add X— 4-0101 and Ү----0111 given in 
signmagnitude form. 
X=0,0101 — 
Ү--1,0111 ; Y*—1001 


Hence, 
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(8) 9-5`©14 40 імунЭмола 40 NOLVIN3W3TdNI HOLOvHISRS /H300V 2:5 9135 


C 8 


5 х 
(170) 
ans/aov 


5А 
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X —0,0101 
Ye, Ү*= 1,1001 


— —— 


1,1110 


The result is in the 2's complement form, 
because sign bit of the result is negative. 
Only for cases (11) and (iii), a complement of 
negative operand need be taken. With these 
modifications a new flow chart is shown in 
Fig. 5.6 (b), and its logic implementation is 
shown in Fig. 5.7. Full adder outputs are fed 
to the parallel 2's complementing circuit. 


5.3.2. Numbers in Sign -2's Complement 
Form 
Recall that (Chapter 2) sign-2's comple- 
ment representation of binary numbers 
uniformly represents the positive аз well as 
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negative numbers, as a polynomialof an 
unsigned number [equation (2.1)] with sign 
digit having negative weight, Therefore, four 
cases of section 5,3,1 of addition/subtraction 
can be uniformly treated with only addition, 
where complete signed numbers take part in 
the addition here, Even for sign bit (which 
has negative weight), the usual rules of 
binary addition could be applied. This is so 
because the sum or difference table, for three 
single bit numbers is same. The addition 
flow charts of Fig. 5.6 reduces to the one 
shown in Fig. 5.8. Неге ап OVF results if 
two numbers have same sign and the sign of 
result is different from that of the operands, 
Fig. 5.9 shows the 16-bit adder implementa- 
tion of the flow-chart of Fig. 5.8 using 7483 
ICs, 


COMPLEMENT Y 


FIG. 5-8 ADDITION / SUBTRACTION OF NUMBER IN SIGN - 


COMPLEMENT FORM. 
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BINARY ADDITION AND SUBTRACTION 


Example 5 4. X and Y in each of the 
following аге in  sign-magnitude form. 
Convert then in sign-2's complement form 
and perform the addition. 

(1) X«—--0101, Y= 4-0111 

X and Y are first represented їп sign- 


complement form, and. simply added 
as if they were unsigned numbers, 


i.e., Х =. 00101 +5 
+Y= 00111 +7 
S= 01100 +12 

1 

sign bit 
OVF — (x, B уі) (ха Өз,) 
=(0Ф0) (060) 

-10 


=0 (OVF=0 means по OVF and 
result is correct) 


(2) Х----0101, Ү---0111 
Х-- 00101 +5 
+Y= 11001 --7 
^ S— 10 -2 

ы 
sign БИ 


ОЎЕ-(х,Фу,) (х, Ф.) 
--0 (hence the result is correct) 
(3 Х---0101, Y=+0111 
Х--11011 —5 
4Y—00011 +7 
...l carry in MSB 
8-1 00010 =+2 
1 
sign bit 
ОУЕ--(х,Ф)у,) 0505,) 0 
carry from sign bit is ignored, because 


actually there is no carry 1.6., Shy Lee 
=1404 12:0, 


ignore—' 


” 


(4) Х---0101,: Ү--0Ш: і 
Х--11011 : 1 
+Y=11001 |. 
1:10110«-саггїев 
8-1 10100 
фо 


n : 
Ignore —! ditis bit Я 1 

carry Ётопі зіга bit ignored, (actually е. is 

по Carry 1.е., Xa у, €i —14- —1Hd- 15 —-1) 
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OVF (x, y,).(s, x,) 


-(1)(161) 
-0. 


In none of these cases an overflow 
resulted, because sum could be accommodated 
in four bits, To illustrate the OVF logic, we 
shall work out cases 2 and 4 using four bit 
numbers, 


б) X=+101 
Xe-0100 +5 
+Ү=1001  —7 
8-110 -2 

t 


Y=—111 


sign 
ОУЕ-(х,Фу,.(х03,) 
=(0® 1) (01) 
=0, (Мо OVF, hence result is 
correct) ( 


(б) Х--10|,у--111 
Xel0l  —s 
4Y-100 27 
pie. +4 


sign 
ОУЕ=х,@ у,`(х,@»,) 
=(16 1):(1@0) | 
=1, (OVF, hence result is wrong). 


The overflow results because 12 cannot be 
stored іп a 3-bit register, This fact із recog, 
nised by OVF logic and an indication. is 
given by setting an OVF flag. 


5.43, Numbers in Sign -1's Complement 


Form |! 


А 18 complement of an integer is. smaller 
than 35:28 complement by 1 in LSB, Hence 
negative numbers in sign-1’s complement form 
will be smaller than those іп 2's complement 
form by І. Noting this fact, rules for 18 
complement addition/subtraction could Бе 
formulated. It can be proved that signed 
numbers in 178 complement form could be 
added as if they were unsigned numbers ; but 
a carry out from sign bit is to be added back 
to the least ‘significant position, 
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Example 5.5, (1) Х----5,Ү----7, 
(2) Х-«--5, Y=—7 


In sign 1% complement form these are 
written and added as follows ; 


4) X 0,0101 +5 


+Y 1,1000 --7 
1,110 --2 

0) Х 1100 -5 
TY 1,1000 -7 


End агошпа<-11,0010-- — 13 
carry + 1 +1 


Result 10011 —12 


55. CARRY LOOKAHEAD ADDERS 


The parallel n-bit adder (ripple carry 
adder) discussed earlier requires carries to 
propagate through the various Stages, Worst 
case of carry propagation is a carry Cin 
Propagating to the last Stage. This involves 
a delay of n time units, and for large n, this 
time delay may be prohibitive. In this section 
we shall discuss a technique called carry 
lookahead addition which makes practicable 
the implementation of adders requiring log(A) 
time units for n-bit addition. 

5.5.1. Basic Princi 
Addition 


In this technique all the carries are anti- 
ated in advance so that a particular stage 
could generate a sum independently of the 
carries from previous Stages. This is illus- 
trated below : 

Consider a ri 
Fig. 5.3, 


ple of Carry Lookahead 


cip. 


Pple carry adder shown in 


Basic carry equation of the full adder is 
given by : 
c=(a+b)cinta.b 
Thus со= (40 Әсі +a0bo 
С1--(0:4-5:)со Фа 
Let  pi—a;-4-b; and 
giai bi then, 
Со= росі, +25 
“1=Pico+gs, substituting for со 
from above equation, we get 
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€1— Pi(PoCin d- go) +81 
= ipoCin-t- бол 81, 

similarly, we get 

Ca= PaPiPoCin Р эйч PiPigo Р 83 
11772 234 24:7711154:127 
T pg 
In general a carry from т stage is givet 
by: 


proceed 


€n — рп Рп-1.Рп-а ..PspiPoCin 
+ Pn-Pn-1...P2P180 
+ PnPn-1...P3P281 
+PnPn-1...PsP382 
45 


+Pn Pn-18n-2 
+ Pn8n-1 
+8n 


Let P=Pp.Pn-1...P3PaPiPo 

and С =рһрһ-1...рзргр18о 
-+Ер».Рв-1...Рврз®1 
+Ерарл-1...Ра4рз8з 
d: 


. 


+ 
T- Po 8п-1 
ва T 
Then c,—P.ca-4-G JG 


Equation (5.2) tells us whether a наў ащ 
віаве will occur or not, Аз сап e ko 
Сһ=1 if б is І, or p=1 and there pe 
input carry cin. This equation is not di i 
from a full adder carry equation. С аб 1 
аге the group carry generate and propag 
function for a n-bit group. 


Note that G and P are functions of 5 ) 
operand: bits. Thus final carry с, de 
only on operands and cin (carry for ын : 
first stage), thus giving іга complete іпдерёй 
dence from previous other carries. 
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th) 4- bit adder with lookahead carries 
F1G.510 4-BIT CARRY LOOK AHEAD ADDER 


Figs. 5.10 (а) and (Б) show a logic circuit All of these equations can be implemented 
of a 4-bit carry lookahead adder, The carry using 2 level logic networks (every output 
equations are ; signal can be realised with at the most two 

oss POOR EC gate delays). Hardware complexity of two 
€; — P3Pocis 3- P1Go +G: level logic for carries increases exponentially 
c3 — PP, Pocin Рыб: PgP1Go J- Gs with n, prohibiting the use оҒ this technique 


C3==PsP4P;Pocin-+ PpPsPGo-+-PsPsGi Рб» for large п (greater than say 8). But there 
TA exists a way out of this if we sacrifice scme 


2-5 
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A 8 
931822190 53 52 БА Бо Function select 
Mode 
c 
out 
74181 GP ён 
3352 асас 


FIG. 5.11 74181 FUNCTIONAL PIN DIAGRAM 


speed. This is possible by having a multilevel used in the multilevel lookahead manner. 
lookahead, There are two TTL ICs, 74181 This principle can be best illustrated by 
(4-bit ALU) and 74182 (4-bit carry lookahead studying these ICs and their usage. 
generator), which are designed so as to be 


TABLE 52; 74181 Functional Description 
шиг ли cm НЕ 


Function Select | 


Re Sa S1 50 Logic Functions 
— + 
0 0 ONO Е-А 
E. 1 Е-А-Б 
CENO Top 0 F—ÀB 
0 0 1 1 F=Logical 0 
аа на. г. о Е-АВ 
0 1 Ont F=B 
0 1 1850 Е-АФВ 
0 1 Tox F—AB 
1 0 01550 F=A+B 
1 дыс Е-АФВ 
1 0 TRAN T F—B 
1 0 ТЕ КЕРІ Е-АВ 
1 1 0 0 F— Logical 1 
1 1 OSET F=A+B 
i 1 Ip Е=А +В 
! 1 А КАА 


SERRE Tt NU MET EET. E. ы 


Output Function 
(No incoming carry) 


Arithmetic O perations 


Е-А 

F=A+B 

Е=А +В 

Е--шіпив | (278 complement) 
Е--А plus АВ 
F=[A+B] plus АЗ 
Е--А minus В minus 1 
F—AB minus 1 

Е--А plus АВ 

F—A plus B 

F=[A +В] plus AB 

Е- АВ minus 1 

Е--А plus 2A 
F=[A+B] plus А 
F-—[A +В] plus A 


Е-А minus 1 


— — u.  —MÀÀ—— S a 
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5.52. Four Bit Arithmetic Logic unit 
(74181) 


Brief Description: This integrated logic 
circuit block is designed to carry out 32 
functions of two 4-bit operands A and B. 
This block can perform 16 arithmetic and 16 
logical functions, The four function control 
inputs decide one of these 16 functions, while 
mode select input decides the arithmetic or 
logical mode. Table 5.2 gives the complete 
functional description of this module, while 
Fig. 5.11 shows its block diagram, 


АП the carries are implemented using carry 
lookahead equations of Section 5.5.1, G and 
P are the group carry generate and propagate 
signals for the four bit group. All the signals 
are computed approximately in 12 ns. 


5.5.8. Four Bit Carry Lookahead Gene- 
rator (74182) 


This logic circuit accepts group G and P 
signals of four groups in,order of their signi- 
ficance. Three lookahead carries are comput- 
ed using these G and P signals and carry-in 
signal, The outputs G and P provide the 
group generate and propagate signals repre- 
senting a larger group [composed of the four 
input groups. Fig. 5.12 shows the block 
diagram of this logic module. 


G3 Рз Go Р2 64 


74182 
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The logic equations for с,, cy, Cz, б and 
P outputs are : 

Cz=Pocin+Go 

Cy — P1PoCin --Р:0:--0: 

€, = Pa P1 PoCin + P£P1Go4- P3G; 4- Gg 

Р --РаР,Р,Р, 

G=P3sP_P}Go+PsPyG; +PsGy+ Gs. 


The logic modules 74181 and 74182 can 
be used to design arithmetic logic units with 
high speed arithmetic capabilities, 


5.5.4, Design of Adders With Multilevel 
Lookahead Carries 


Four 7418178 could be cascaded ав shown 
in Fig. 5.13. This adder has group carries 
connected in a ripple carry fashion, while 
carries within the group are lookahead 
carries. The time required for addition, thus 
will be four times that of 74181 IC. Assuming 
a unit delay for each 74181 block, a 16-bit 
adder of Fig, 5.13 requires 4 units, while the 
adder of Fig. 5.3 requires 16 units, The 
adder of Fig. 5.13 does not use multilevel 
lookahead feature, but uses group lookahead 
and ripple carry (between groups) prigciple. 
Another way of designing a 16-bit adder is 
shown in Fig. 5.14. This design uses carries 
with two levels of lookahead. In both the 
circuits of Figs. 5.13 and 5.14, operands, 


Рі Go Po 


FiG.5-12 74182 FUNCTIONAL PIN DIAGRAM 


ou 74181 74 181 (ат | 74181 Сіп 


Е16.5:413 16-ВІТ ADDER 
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FiG 514 16-BIT ADDER USING TWO LEVEL LOOKAHEAD 


furction select and function output lines of 
7418! chips аге omitted. Тһе adder of 
Fig. 5.14 requires 3 units of time for addition. 
G and P signals of 74182 represent a group 
generate and propagate signals for a 16-bit 
group. This fact can be used to build adders 
with additional delay of 2 units, but four 
times larger in size. 


“Бір, 5,15 shows,a 64-bit adder which uti- 
lises three levels of lookahead. This adder 
makes use of four blocks of Fig. 5.14 (say 
Block A) and one additional 74182 IC. 


Blocks marked. A are 16-bit adders of 
Fig. 5.14. The time for addition of this adder 
will be 2 additional units over the time of the 
adder shown in Fig. 5.14, thus requiring 5 
units, Similarly 256 bit adder could be 
designed using four levels of lookahead. This’ 
will require 7 units of time for addition. 


BLOCK д; 


FIG.515 64.81 ADDER USING THREE-LEVEL LOOKAHEAD 


16-bit adder shown in tig. 546 
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5.5.5. Time Required by Multilevel 
Lookahead Carry Adders 


In this section, we shall formulate the 
expression for time units required for addition 
as г function of п. 


For generality let us have k-bit groups, 
i.e., we have а k-bit lookahead adder and a k 
bit carry lookahead generator designed on the 
lines of 74181 and 74182 respectively. Let the 
time delay of each of these K bit blocks be ta 

Let L be the number of lookahead levels 
required to implement the adder of n bits. 

Then, 

1.<= [орап], where [x] smallest integet 


2X 


To evaluate the time required for addition, 
consider how the G and P signals ргорайн 
through various lookahead: levels, At eac 


fin 
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G,P 
propagati 
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"5,546 G,P AND CARRY PROPAGATION SCHEMATIC. 


level G and P signals are calculated using the 
G, Р signals of the previous level (for first 
level operand bits are used), 


The settling time for б; and Ру (G and 
P signals of Level L) will be thus L time 
units. At this time carries of last level аге 
also computed. Carries in turn propagate 
towards level 1 and fhe first level produces 
sum, thus requiring L-1 time units. (See 
Fig. 5.16). 


The addition time thus equals time of G, 

P propagation towards last level, and time 

taken by carries to propagate to the 154 
level. 

Thus addition time Taga=L+L—1=2L—1 

— (2[Logxn]— 1). ta units, 


5.6 ADDERS USED IN SECOND GENE- 
RATION MACHINES 


The addition techniques and adders dis- 
cussed in earlier sections were seldom used 
in second generation computers (computers 
built using transistors). These computers 
used to have a logic wired between the accu- 
mulator (say A Register) and operand register 
(say B register). We shall discuss in this 
section.how the addition used to be perform- 
ed in these computers. 


Let A and В be two registers holding the 
operands and let the result of the operation 


be placed back in À register, The /th sum bit 
s; is given Бу: 
ца Ө bi Ф cca 

This equation instead of implementing using 
full adder. logic can be alternatively imple- 
mented in two sequential steps, and therefore 
the method is known as 2-Step addition 
method. 

Step 1 ; ria; Ф bi 

Step2: serie cca 

Now, if the result of each of these steps is 
put back in the A register itself, we have : 

Step 1 : ara; Ф bi 

Step 2 : aj ai Ф cca 
Step 1 Implementation Logic 

implementation of step І is done bya 
clock pulse P; and the transition table for 
each bit a; of A is shown in Table 5.3. 

TABLE 5.3: Next State of F/F, of A 

Register (after pulse Px) 
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By observing the Table 5.3, it is easy to 
recognise the fact that step І could be imple- 
mented by complementing the bits of A if the 
corresponding bits of B are 1, 


Step « {mplementation Logic 


Before the step 2 begins (pulse Р» arrives) 
every bit ai of А represents the value 
ас Ф bi on old values of а; and b; (note that 
the old value of a; is 1054), We have partially 
implemented the full adder equation s;=a; Ф 
bi Фе; Le, ас Ф bis calculated and now 
we have to obtain a Ф: си; (a; have new 
value after step 1), 


Observe tne carry equation of full adder, 
le, 


саа; Ф с, 


The term anbi generates а carry in the its 
position, while (a; Ф bi)Cin term merely pro- 
pagates the incoming carry to the next stage 
if (а; Ф 52-41, 


Since a; (new) actually represents а; өм 
(for old а, bı), the carry propagation simply 
depends on аг, i.e., if a; (new)=1, the incom- 
ing carry is also given to the next stage. On 
the other hand a stage generates a carry if 
old values of a; and b; (before step 1) were 
both 1. This means new value of а; іѕ 0 
(са Ф Ы; іе, 4-: Ф 1—0) Thus a 
St^ ` generates a carry if а; is ‘0’ and b; is мге 
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The second term in carry equation, Le, 
(а Ф bicis is equivalent а; (new). cin. Thus 
carry is propagated if a; is 1 (after step 1), 

In short the step 1 and step 2 functions 
are : 

Step 1: (Pulse Р): Toggle the bit a; ofA 

register if the bit b; of В register is 
1 (for all bits). 

Step 2: (Pulse Ps): Toggle the bit a; of A 
register if a;.; is 1 and there is an 
incoming carry or а:.; is 0 and Қ. 
is 1 (for all bits). 

Example 5.6 ; Illustrate the 2-step addition 
with the following unsigned 
numbers, 


(a) А-0101100 
ФВ-0010110 
бері: А-0111010 А«А ФВ 
Ф 
Step 2: carries 1 1 1 1000 
Result А-1000010 A<A® 
Carries 
(5) А-110110011101 
Ф B=000011001001 
бері: А-110101010100 
Ф 


Step 2 :саггіев0 01100110010 


Result А-111001100110 


EXERCISES 


1. Design a full subtractor (similar to 
full adder). 


2. Using the full subtractors designed in 
(1), design the 4-bit &dder/subtractor for 
numbers in sign-magnitude form, 


3. Repeat (2) for numbers in sign-2's 
complement form. 


4. Illusirate the 2-step addition method 
for the following in Sign-magnitude and sign 
2's complement form. | 

G) (+13) + (4-7) 
(ii) (+13) + (—7) 


(ШЇ) (+15) + (+10) 
(9) (—15) + (—10) 
0; (—15) — (—10) 

Use 5-bit adder (including sign bit). Show 
also the overflow flag value. 

5. The i^ bit оҒ-ап operand may be 
or 1 with equal probability, compute . the 
following : 

(i) Probability of /9 stage of an addef 
generating a carry. 

. (ii) Probability of j^ stage propagating 

an incoming carry. 
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(ill) Probability of a 4-bit adder propa- 
gating an incoming carry. 
6. Design a 4-bit subtractor using а 2- 
step method (similar to the 2-step adders 
discussed). 


7. It is required to know the number М 
where the N=number of І'з contained ina 
12-bit register, Using only 4-bit adders, 
design the required circuit which accepts 12 
bit input and produces a binary number N 
which indicates the number of 15 in the 
register, 


8. (а) Formulate a block diagram of an 
adder stage (similar to full adder) 
which can be used for parallel 
addition of three n-bit binary 
numbers. 

(b) Work out the detailed logic design 
of the above adder stage. 

(c) Give the cascade connections of 
the above blocks to form an n-bit 
adder for adding three binary 
numbers, 

9. Design a 4-bit adder using 2-step addi- 

tion method. 


10. Derive the various possible logic 
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expressions for setting the overflow in sign-2's 
complement addition/subtraction. 


11. (a) Give the sign-2’s complement 
representation for x= 4-13), and 
у-"--17)ш, assume 6 bits (includ- 
ing sign bit). 

(5) Show step by step, how the follow- 
ing operations shall be performed. 
(i) x+y 
(i) х-у 
(iil) y —x 

12. Repeat (11) using 7 bits (including 

sign). 

13, For the 2-step addition method discus- 


sed, design the complete logic for 4-bit adder 
for numbers in sign-complement form, 


14. Using 74181 and 74182 blocks, design 
the carry lookahead adders for adding two : 
(a) 100-bit numbers 
(b) 40-bit numbers 
(c) 32-bit numbers 
(Give proper logical values to unused inputs 
of 741815 and 741825). 
15. Assuming the time delays of 20 ns for 
74181 and 12ns for 74182, determine the addi- 
tion times for the adders designed in (14). 
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усп computer programs work on vair- 

ous numerical and non-numerical data. 
The character sets (alphabets) of various 
Programming languages like Fortran, Algol, 
PL/I etc., consist of 26 English alphabets, 10 
numeric digits and some special symbols like 
+,.,, etc. Such information is represented in 
computers by means of codes, 


61. CODES 


Digital systems are built using binary 
devices, hence ultimately the information 
within a system is always in some binary 
form. Coding is a technique by which a set 
of objects is represented in a machine by a 
set of binary numbers called codes. Asan 
example, consider a machine which operates 
on the following set : 

S—(A, В, С, F, G} 


This set of letters could be represented by 
aset Sw of binary numbers shown below 
and the mapping 5-54 shown in Table 6.1. 

SN 1000, 001, 010, 011, 100). 

In this example, we have represented the 
five objects A, B, C, F and б by five 3.bit 
binary numbers, There are numerous ways of 
mapping S onto Sw giving rise to various 


TABLE 6.1 


coues, and Table 6.1 shows опе of the codes. 
The number of bits required to code a set ofn 
Objects is given by : 

k=[logan], 


where [x] denotes smallest integer > x and 
k=number of bits required in the code. 


6.1.1. Decimal Numbers and Their Codes 


In the last section, we have discussed how 
the information can be represented by binary 
Codes. When a machine has to deal with 
decimal numeric data: in arithmetic unit, 
codes of four bit length are usually used 
(because the total number of decimal digits 
areten only). Decimal numbers represented 


Um 
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in this manner are called Binary Coded 
Decimal (BCD) numbers, and the codes are 
called BCD codes. Table 6.2 lists some of 


the important BCD codes. 
TABLE 6.2, Some Important BCD Codes 


digit Excess 3 | 2-4-21 | 5-2-1-1 
| 


со — ON t^ ЭКО 
м оооооооо 
CORR н -оо оо 
оон н оон о о 
- о-о о-о – о 


| 


- m m i о O OOO 
моооочныы.м о 
он оо оо 
о-о O m он о 
--—--—-—оооо о 
— єз он оо оо 
к. оон о-оо 
мо мо о-оо 
— ————OoOoo0o0oc 
~ ооо н – ~ о о 
——— = OR OOOO 
—o—Oo0-—-o0-o 


All these codes (except excess 3) are 
positional in the sense that each bit hasa 
weightage, and the weighted sum of the bits 


equals the digit represented by a code 
number. Excess 3 code is not positional, but 


it is obtained from 8-4-2-1 code by adding 3 
(hence the name excess 3). 


The codes shown above have certain 
properties, All the codes except 8-4-2-1 code 
are self complementing 1.6., 95 complement 
or any digit could be obtained by simply 
complementing the individüal bits, while 
8-4-2-1 code is easily ameanable for addition 
‘of decimal numbers because these codé words 
represent natural binary numbers for which 
arithmetic circuits could be easily constructed 
using binary adders, 


A given decimal number is represented іп 
the machine by individually coding its digits 
in the required code, 


Example 6.1, Represent decimal numbers 
158, aad 276 in 8-4-2-1 and 5-2-1-1 codes. 


Referring to the table 6.2, we write codes 

of digits of the numbers as shown below : 
Code 1 5 650, 7 6 
8-4-2-1 0001 0101 1000 0010 0111 0110 
5-2-1-1 0001 1000 1110 0100 1011 1010 
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The most commonly used code іп digital 
computers is the 8-4-2-1 code. Hereafter the 
BCD numbers shall mea? 4-4-2-1 BCD 
numbers, unless otherwise mei. ioned. 


6.2. DECIMAL ADDITION OF 


UNSIGNED INTEGERS 
In tbis section, the development of logic 
for the addition of decimal numbers is pre- 
sented, Consider the numbers Х--793 and 
Y —825 coded in the 8-4-2-1 code. 


X= 793 Х--0111 1001 0011 
+Y= 825 +Y=1000 0010 0101 
1100 0 0000 0000 1110«-саттіев 
5=1618 5“ 111 1011 1000 
S*—Sum obtained in the binary 
addition of X and Y, 


If we add these coded numbers with the 
assumption that they are pure binary 
numbers, we shall obtain the sum аз shown 
above. Note that only least significant digit 
of the sum has correct code, while other digit 
positions of sum have not only invalid codes, 
but also decimal carries are missing. The 
sum S* obviously is not correct, but could be 
corrected by adding a correction number 660 
as shown below : 


S*—1111 1011 1000 
correction>0110 0110 0000 
101000 taie: 
соггесі S= 10110 0001 1000 
decimal 
sum S= 1 6 1 8 


We can formulate the rules regarding 
correction of an incorrect sum digit to a 
correct value as follows, This discussion shall 
pave the way for obtaining the logic design 
əf a single stage decimal adder (decimal full 
adder). The decimal full adder adds two 
decimal digits and an incoming carry ; and 
produces a decimal sum and a decimal carry 
as outputs. Since digits take values 0 to 9, 
while carry varies from 0 to 1 only, the 
minimum and maximum values of the sum of 
these three inputs are 0 and 19 respectively, 
Therefore, correct sum will be a 5-bit output 
as a result of binary addition of these three 
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BCD digit 
di 


Decimal 
carry out 


Cout 


c 
t 
Ignore ЭГ: 


FIG.61 DECIMAL FULL ADDER (DFA ) 


inputs, Table 6,3 gives the incorrect sum, 
correct sum and the correction. 


From the Table 6.3 it may be observed 
that if the sum is greater than 9, we have to 
apply a correction, otherwise no correction 
is required. These combinations of incorrect 
sum could be recognised by a simple combina- 
tional logic circuit having inputs as bits of in- 
Correct sum, and output signalling a correction 
To carry out the correction, we use another 
4-bit adder, whose one of the operands is the 

` incorrect sum, The other operand shall be 
either 6 or 0 depending upon whether а 
correction is required or not. Looking at the 
Table 6.3 it can be seen that a correction is 
required when either “с” is true or w.( x+y) 
is true. The complete decimal adder for a 
stage, can now be constructed as shown in 
Fig. 6.1. Note that whenever there ауға 
Correction, decimal carry outis also present, 
thus CR signal itself could be given as 
decimal carry ош. 


Decimal addition can also be performed 
by another way as follows: In the method to 


3074149 


930201 40 
4-BIT BINARY ADDER _ “іп 
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BCD digit 
d2 


535251 bo 
4BIT BINARY ADDER ср 


Decirnal 
carryin 


32929150 


Бе discussed, one of the operands is biased 1 
6 in individual digits, and the binary additic 
is performed. The correction table is show 
in Table 6.4. Here the correction із requi ге 
if there exists no carry in the binary additio 
from a 4-bit group, otherwise no correction | 
required. The required correction is substrát 
tion of 6 from individual incorrect sum digit 


Example 6.2, Illustrate addition of 
and 548, 

A 0010 9110 0111 
0110 0110 0110 7 

Biased A 1000 1100 10 

1 

ies 0 жар м 

1110 0001 0101 

correction —0110 0000 0000 
1000 0001 0101 

8 1 5 


The complete design of decimal full adde 
using this principle is shown in Fig. 6.2. 
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TABLE 6.3, Correction Table for BCD Addition 


Correct sum and 
Decimal 
Carry-out 


Incorrect вит 8% (Result of 
Binary Addition of 
d. ds and Cia) 


Decimal value of 
sum 


Correction 


4 bit sum 
м х у= 


o 


0 0 0000 Sum is correct upto 0 0000 
1 0 0.0; 0 I 9 hence по согге- 0 0001 
2 0 0 7077150 ction (or add 0”) 0 0010 
3 0 ООА 0 0011 
4 0 ОИ: 0 0 0100 
5 0 031670» 4 0 0101 
6 0 Qoi" ZELU 0 0110 
7 0 О ДЕ 0 0111 
8 0 i0 0:0) 0 1000 
9 0 11 0 Dd 0 1001 


10 0 15402571: 0 Sum is incorrect 0000 
11 0 12307171 Бог by adding six 0001 
12 9 Б 41:50:20 (0110) 0010 
13 0 MAT NOSI we get the correct 0011 
14 0 1::1.:11:-0 sum 0100 
15 0 геі 0161 
16 1 0000 0110 
17 1 0001 0111 
18 1 0010 1000 
19 1 (В ж) сч! 1001 


Illustration ; Incorrect sum 0 1100 is corrected by adding six 


0 1100 
BCD digit d1 0 31-0 --0110 


710010 (12) 


Cout = 717 -»invalid BCD 
code 


9395791490 53525150 


Sout 4-BIT BINARY ADDER = Сіп 
545 51 50 


Decimal 
Сіп 


Decimal 
Cout 


аза? ас Бз 525150 
Y ADDER сі 
Sout 4-BIT BINAR $552 S} sq 


FIG.6-2 DECIMAL FULL ADDER USING BIASED OPERAND 
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DFA |-- DFA 
1511 
Sn 504 
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FIG.63 n-DIGIT PARALLEL DECIMAL ADDER 


6.2.1. Comparison of the Two Methods 


А decimal stage adder requires two 4-bit 
binary adders, if it is constructed using the 
first method, but three 4-bit binary adders are 
required if it is constructed using the second 
method. Therefore, one may consider the 
second method of no use. This із true if we 
are building a parallel n-digit adder by 
cascading the n blocks of adder stages as 
shown in Fig. 6.3. This n-digit decimal adder 
thus would require 2n or 3n 4-bit binary 
adders if first or second method is used res- 
pectively, But the second method has a 
clear advantage if the decimal addition is 
to be implemented using the binary adder 
available in the ALU. This point can be 
best illustrated through an example. Consider 
a machine having 32-bit binary adder, built 
using 4-bit adder chips (7483), on which we 
want to add the decimal numbers A=63345219 
and B=26654787. 


Using the first method one would have 
executed the following steps : 


TABLE 6 4 : Decimal Addition Using 
Biased Operand 


Correct 
Sum 


0 U O 1 10 | Subtract | 0 0000 
1 ООУ т 0110 0 0001 
2 0 1 0 00 (оғада 0 0010 
3 0771105071 1010 0 0011 
41010 10 | ignoring | 0 0100 
5 | 0 1 0 11 | the group 0 0101 
6 лал. 0:0 саггу) 0 0110 
7 179:1551::0:1 0 0111 
8 (ERO USC UR (у 0 1000 
9 14:1:51:12::1:41 19 1001 
10 10000 | Мо 1 0000 
11 1 0 0 01 | соггесііоп! 1 0001 
12 140.0 10 1 0010 
13 1549/40 1.1 1 0011 
14 20:41; 0:0 1 0100 
15 2001201 1 0101 
16 E60 1.10 1 0110 
17 DEED Xp 1 0111 
18 it 0:00 1 1000 
19 1 :0-:0:1 1 1001 

y ЖЕ 


Note : Correction logic is derived trom the 
state of C ie., if C—0 subtract 0110, if C=1 
no correction (or subtract 0000). 
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rect sum digits with 


;roup carries disabled) carry in step 2. 


In the above example, it can be seen tat 
the biased operand method is clearly 
advantageous, since it required only 3 steps, 
while the first method required 7 steps. In 
general, the addition of n-digit decimal 
numbers using first method shall require п 
steps (in the worst case), while the second 
method always requires only 3 steps. 


6.3. ADDITION/SUBTRACTION 
SIGNED DECIMAL NUMBERS 


Signed decimal numbers could be in any 
of the following three forms : 


OF 


(i) Sign-Magnitude form 
(2) Sign-10’s complement form 
(3) Sign-9's complement form. 


Й А =0110 0011 0011 0100 0101 0010 0001 1001 
Step 1 : Binary 
Addition + B—0010 0110 0110 0101 0100 0111 1000 0111 
1 
к | 1000 1001 1001 1001 1001 1001 1010 0000 
Step 2 : Correction + 0000 0000 0000 0000 0000 0000 0110 0110 
е жааса с^. 
бб 1001 100i 1001 1001 1010 0000 0110 
Step 3 : Correction + 0000 0000 0000 0000 0000 0110 0000 0000 
14-саггу 
1000 1001 1001 1001 1010 0000 0000 0110 
Step 4; Correction + 0000 0000 (0000 0000 0110 0000 0000 0000 
le-carry "e 
1000 1001 1001 1010 0000 0000 0000 0110 
Step 5: Correction + 0000 0000 0000 0110 0000 0000 0000 0000 
пыл 168127 и ае а 
1000 1001 1010 0000 0000 0000 0000 0110 
Step 6: Correction + 0000 0000 0110 0000 0000 0000 0000 0110 
l«carry 
1000 1010 0000 0000 0000 0000 0000 0110 
Step 7: Correction + 0000 0110 0000 0000 0000 (0000 (0000 0000 
l<carry 
Result : 1001 0000 0000 0000 0000 0000 0000 0110 
Now we illustrate the addition using the second method. 
А--0110 0011 0011 0100 0101 0010 0001 1001 
Step 1: Bias 0110 0110 0110 0110 0110 0110 0110 0110 
Biased А--1100 1001 1001 1010 1011 1000 0111 1111 
Step 2 : Binary Addition 0010 0110 0110 01001 000 Oll] 1000 0111 
Biased А--В 0 1 1 1 1 1 1 ]«-carries 
1111 0000 0000 0000 0000 0000 0000 0110 
Step 3: Correction +1010 0000 — 0000 0000 0000 0000 . 0000 0000 
(add 1010 to the incor- 1001 0000 0000 0000 0000 0000 0000 0110 


Here correction i$ applied for all groups which does not generate 


The numbers in the above forms can be 
added using techniques of chapter 5 (see 
section 5.4). Only difference here is that 
instead of 175 or 2's complement we shall use 
9's or 10's complement respectively and the 
full adder of binary addition is replaced by a 
BCD full adder. Therefore, we shall discuss 
how 9's or 10's complement functions could 
be implemented using logic circuits. 

6.3.1. 9's Complement Circuits 

А 9's complement of a decimal digit 4 is 
defined as : 

4"--9--а (6.1) 
We shall discuss now how to bulid a logic 
circuit implementing the above equation for 
8-4-2-1 BCD code. 
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Input BCDdigit d 
eo А—— 


15-d—— 


93 а; аі ао 
Sout 
5 


4*BIT BINARY ADDER Cin 
82 $; 
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bz 92 bi bo 


————— 
4 (95 tomplement of d) 
FIG. 6-4 9'5 COMPLEMENTOR USING EQUAT;ON (6-2) 


input BCD digit d 


аз a а, 


Ідпоге 


^o 
4BIT BINARY ADDER 


$3, 92 ©, 


b3 Бэ b, by 


50 


d (95 complement о! 4) 


ҒІб.6-5 95 COMPLEMENTOR USING EQUAT!ON (6:3; 


Equation (6.1) could be written as : 
4"--15-4-6 

or  4"—(15—d)—6 ...(6.2) 

or 4"=15—(4+6) .-.6.3) 

The Equation (6.2) has two terms viz., 
15—d and6. 4 is a 4-bit binary number 
(8-4-2-1 code), hence 15—4 represents Ив 1% 
complement. Therefore, if one wants to 
implement a 9's complement of a BCD digit 


it could be obtained by first complementing 
each bit of d and then adding —6. The logic 
circuit for this is shown in Fig. 6.4. 


Similarly using Equation (63), we obtain 
d" as shown in Fig. 6.5. 

Using any of these 9's complementing 
blocks developed, we can complement e 
given n digit decimal number as shown in 
Fig. 6.6 or 6.7. 


d n-1 dn-2 40 
“про! BCD 
number М 
9 5 COMPLEMENT 9SCOMPLEMENT - . . 
Ас ааа: 


9% complement (М) Я 


FIG. 66 PARALLEL 95 COMPLEMENTOR FOR BCD NUMBERS 
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Shift pulse (4-bit shift) 
Ag 


—— give n pulses here 


4n-bit register 
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95 COMPL 


FIG. 6:7 SERIAL 9'5 COMPLEMENTOR 


6.3.2. 10's Complementing Circuits 
: 10% complement of a BCD digit d is given 
y 
, (10—d if 
d -| 0 ae ...(6.4) 
Thus for a non-zero d, we have 
d'—10—d-—15—5—d 
l.e., d'=(15—d)—5 ...(6.5) 
or d'=15—(d+5) ...(6.6) 
The 105 complement of non-zero digit is 
obtained as follows : 
(і) Usirg Equation (6.5): 
І, Complement each bit 
2. Add 1011 (—5 іп 2's complement 
form) 
(1) Using Equation (6.6) : 
1. Add 0101 


Input BCD 
digit 


4-BIT BINARY ADDER 


5392121 


2. Complement the bits of result of 
addition in 1, 


Using the Equation (6.5) the complete 
logic diagram is built and 15 shown in 
Fig. 6.8. Here 4--0, is decoded and the 
appropriate second operand for the 4-bit 
binary adder is generated as per the following 
discussion. 


The input А to the 4-bit adder is 15—4. If 
4550 then the input B should be 1011), other- 
wise it should be 0001) (if 4-0, then 
A—1111, hence 0001 must be added to pro- 
duce 0000 at the output). The line Z in 
Fig. 6.8 indicates whether d=0 ог 4520 by 
producing a logic “0' or *f'at 7. The operand 
B for these values of Z is shown in Table 6.5. 
This table defines switching functions bs, bs, 


bı, by with Z as input 


9p 


Output d (105 complement) 


ҒІб.6:8 105 COMPLEMENTOR USING EQUATION (6:5 ) 


50 


Input BCDdigit 
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4-BIT BINARY ADDER 
23 


22551570 


ҒІб.69 105 COMPLEMENTOR USING EQUATION(6-6) 


TABLE 6.5 
эс | 
2 Виз "à jx РЫ В Comments 
€ жы. E H— 
0 | АКУ ао 
1 абар La 4550 
From the table we write > 
by=Z 
b-Z 
b,—0 
b=1 


The operand B is formed from Z, using 
the above relations and the complete circuit 
is shown in Fig. 6.8. Alternate circuit 
designed using Equation (6.6) is shown in 
Fig. 6 9. 3 


Ідпоге 


То implement a 10's complementer for an 
n-digit decimal number, we require a logic 
block doing both 9's and 10's complement 
functions under an external control signal. 
(See algorithm 2.5 of chapter 2). This block 
could be designed as follows : 


Let TN be the control input which deter- 
mines 10's or 9's complement function. Then, 
by noting TN and incoming digit d, we can 
generate second operand as required so that 
4-bit adder will produce a required comple- 
ment. Using Equations (6.2) and (6.5), this 
block is built and is shown in Fig, 6.10. 


Logic equations for bits of B are deve- 
loped as per the switching functions shown 
in Table 6.6. 


z 


та For 95 compl, 
О For 10'scompl 


FIG.6-10 105/9 5 COMPLEMENTOR 
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Б Input 


81 


BCD number М ———— —3 


NES 10's complement of N Eom 


ЕЮ.6-11 PARALLEL 105 COMPLEMENTOR 


TABLE 6.6 
Inputs | Out-puts 
TN Z| by by bi b Comments 
0 0 0 0 0 1 |105 сопріешелі of 


d=0 is 0 


10’s complement of 
dÆ0 is (10—d) 


9’s complement of d 
is9—d 


9’s complement of d 
is 9—d 
bs=TN+Z 
by—0 
b;—-TN-4-Z 
Бу- TN 

Using the block shown in Бір, 6 10 аад 
the Algorithm 2.5 the 10's Complementor for 
n-digit numbers is shown in Fig. 6.11. 


6.3.3. n-Digit BCD Adder/Subtractor for 
Numbers іп Sign —10's Comple- 
ment Form 

Complete logic design of an n-digit BCD 
adder/subtractor for numbers in sign-10’s 
complement form is shown in Fig, 6.12. In the 
adder shown, the add/sub (A/S) line controls 
the 2 to 1 multiplexor which selects В in true 
ог 9's complement form depending upon the 


Therefore, 


operation. Also the decimal carry-in of the 
n-digit decimal adder is connected to this 
line, The adder subtractor works on the 
principles of binary adder shown in Fig, 5.9. 


6.4. NUMBER CONVERSION ALGORI- 
THMS 

The conversion of numbers from binary 
form to BCD and vice-versa is discussed in 
this section. We shall develop algorithms for 
the above conversions such that а digital logic 
or a program could be synthesised to imple- 
ment the algorithms, 


64.1. Binary To BCD Conversion 


An algorithm to carry out binary to BCD 
conversion is discussed here. The aigori- 
thm requires two registers, опе register 
initially holds the binary number to be con- 
verted. The result of the conversion appears 
in the other registers (BCD register) which is 
made ‘0’ initially (for unsigned integer 
conversions). The given binary number М is 
put in the register BR (Binary Register). 
Assume that the radix point exists at the 
junction of BR and BCD registers.. With this 
assumption the composite number contained 
in these registers is : 

N 

р+5% 
where, D is the decimal part of the composite 
number, (і.е., contents of BCD register) 
which is initially zero, and п is the number of 
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Operand B 


пе Р 

Ludi ар. 

аў атавай | 
PARALLEL 9'5 COMPLEMENTOR 


Decimal sum 


A/S : ADD/SUBTRACT 
/ 0 tor Add 
ANNE for subtract 
OvF 
FIG 612 BCD ADDER FOR NUMBERS IN SIGN -10's 


COMPLEMENT FORM 


bits in the binary register. The actual number the Composite number is equivalent to 
Nis: 8 shifting left the binary part by 1 position. e 
ЕС М ^ (D) ie f init the other hand multiplication of D(BCD part 
5 (в% 2" ) # ЖЕ dares by 2 is equivalent to adding D to D itself. D 
In effect we are multiplying the composite isa BCD number hence this addition із 
number by 2". This is done in n Steps, each equivalent to : 
step multiplying the composite number by 2. 


Multiplication by 2 on the binary tart of (0 Binary addition of D with D 


DECIMAL ARITHMETIC 


(ii) Addition of 6to the digits requiring register by І bit. 


Correction. ў (if) Add 0110), to а BCD digit if (a) it 
These steps are equivalent to the following produced a carry in the above shift (equiva- 

algorithm. lently a 1 crossing through the boundary of 

Algorithm 6.1 a 4-bit group) or (b) it is greater than 1001)». 
Do n times : 


pans i р. 
(Г Shift left combined Binary and BCD хушин Convert 10110011 iato ВС 


BCD Reg. Binary Reg. 
ds dı do 
Steps 1011 0011 
1, (a) Shift left 0000 0001 0110 011b 


(b) No correction 


2. (a) Shift left 0000 0000 0010 1100 пьь | 


(b) No correction 


3. (a) Shift left 0000 0000 0101 1001 1555 


(b) No correction 


ШИШ 


4. (a) Shift left 0000 0000 1011 0011 bbbb 

(b) Correction + 
0000 0001 0011 bbbb 

5. (a) Shift left 0000 0010 0010 
(b) No correction ! 

6. (a) Shift left | оооо 0100 0100 
(b) No correction, 

7. (a) Shift left 0000 1000 юу | | 1555 bbbb | 
(8) No correction 2 : 

8. (a) Shift left 0001 0001 0011 | 5555 bbbb | 
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(b) '1' Crossed from 


dy and d; : correction 0110 0110 ^ 
STOP (n=8 steps) 0001 0111 1001 bbbb 5559 
Result : 1 7 9 Decimal 


Note : The b is written in a vacated posi- бе > ten) We thus apply a correction of 
tion of binary register (the b will usually —6/2—0011), if a digit (before shifting) exceeds 
be 0). or equals 0101)». 

While illustrating the algorithm, a Now we have a better algorithm as below: 
correction is made (addition of 6) to any Algorithm 6.2 : 

BCD digit which is greater than or equal to Do n times 


(1010), or when a I crossed the group boundry, (а) if d: > 0101 then d.—d;--0011 
thus this involves decoding of both these (for all 44) 

conditions. This could be avoided if we (b) shift left BCDR— BR by 1 bit posi- 
check digits before shifting and correct them tion, (where d; is ith BCD digit) 


in advance. Any BCD digit > 5 is going to Example 6.4: Convert 10110011 into 
Produce a correction after shifting (it would Binary. 


1. (a) No correction 
(b) Shift left 0000 0000 0001 0110 011b 


2. (a) No correction 


Ф) Shift lef по ињ 


3. (a) No correction 


(Ф) Shift left E 0000 21 1001  ibbb 


4. (a) Add 3 to d, + 0011 


(b) Shift left 0000 0001 0001 | 0011 5559 | 


5. (а) No correction 


ыша. Ы» 270 MIN IP 
(b) Shift left | 0009 0010 21 | 


НН 


Olib 555 | 


— 


| 
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6, (a) No correction 


(5) Shift left 0000 
7, (а) No correction 
(b) Shift left 0000 
8. (а) Add 3 to do, dı Sr 
0000 
(b) Shift left 0001 
STOP Result : 1 


Ву considering only magnitudes these 
algorithms could be used for converting 
signed numbers in sign-magnitude form. The 
same algorithms with different initial condi- 
tion in BCD register can be made to work 
for binary numbers in ‘sign -2’s complement 
form, The converted number will be a BCD 
number in sign -10’s complement form. The 
sign bit of a binary number in sign -28 


оо 
м 


ПЫ» 5559 


0100 0100 

1000 1001 1555 bbbb 

0011 0011 E 

1011 1100 1555 bbbb 

0111 1001 bbbb  bbbb 
T 9 


complement form hasa negative weight (see 
Chapter2), Thus a-l is actually to be put 
initially іп the BCD register if the number is 
negative. This is illustrated through the 
example 6.5. 

Example 6.5 : Convert а signed binary 
number 1,0110011 in sign -2s complement 
form into a signed BCD number in sign -10% 
complement form, 


ds di 4% 
: 0000 0000 000 
Sign of 1 reg 
BCD No. ў ў bit 
Мо, Steps E 1001 1001 1001 
1. (а) Correct do, du, ds. + оп 0011 0011 
m 1100 1100 1100 
(b) Shift left ES 1000 1001 1001 01100115 
2. (а) Correct do, du, ds. + 0011 001 0011 
|| 1100 1100 1100 
(b) Shift left Г] 101 1001 1000 11001159 


. (a) Correct do, di, ds 


(5) Shift left 


- (a) Correct do, di, а» 


(b) Shift left 


‚ (a) Correct do, di, 4, 


(b) Shift left 


(a) Correct а», d; 


(b) Shift left 


- (a) Correct 41, 4, 


(b) Shift left 


- (a) Correct di, 4, 


(b) Shift left 


Result : 


DIGITAL COMPUTER DESIGN PRINCIPLE 
0011 0011 0011 


1100 1100 1011 


1001 1001 0111 10011bbb 


0011 0011 0011 


1100 1100 1010 


1001 1001 0101 001 Ibbbb 


0011 001 0011 
1100 1100 1000 


1001 1001 0000 01155555 


У. ЦЫ. 


0011 0011 
1100 1100 0000 


1001 1000 0000 | 11555595 


0011 1011 


1100 1011 0000 


1001 010 0001 | 19555555 


ІНЕ | / 


0011 0011 
1100 1001 9001 
1001 0010 0011 | bbbbbbbb 
ў -— 
9 2 3 


in 1078 complement 


Notes, Actual number is —1:103--923— —77 
Binary number given was —1.214-25--21-214. 5 


=—128+51=—77 


“Үе 
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Logic Circuits For Algorithm 6.2 


Тһе algorithm 6.2 could be implemented 
by sequential or combinational circuits as 
discussed in the following paragraphs. 


Sequencial Logic Implementation 
The logic circuit of Fig. 6.13 implements 


F BB: 4-BIT BLOCK 


р----- верв ee | 


out 


аз 92 91 90 
Cout 4-BIT BINARY ADDER * 
$3 52 51 50 


—lgnore sum— 
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one step of the algorithm 6.2 by applying one 
pulse, as shown. The BCD register 4-bit 
groups are compared with 0100 and а 4-bit 
group having larger value than 0100 is 
replaced by corrected value (3 is added to it). 


Let w, х, y, бе the 4-bits of a group, 
then the correction logic is given (see table 6.7) 


Give n pulse here 


out shift 
BINARY REGISTER 
(п- bits) 


, 


4-ВІТ BLOCK LOGIC DETAILS 


CKT 


Cout 4-BIT BINARY ADDER * 
зза 


Ignore 


Е16,613 SEQUENTIAL LOGIC FOR BINARY TO BCD CONVERSION 
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Input digit Input digit 
"x, 2 


4342414) 53929190 
Sout 4.BiT ADDER “іп 


(a) corrected output 


b bz by by 93 b? by bo 
Cout 4-ВІТ ADDER Сі 
54 $2 5, So 


(b) corrected output 


101 11010 


FI6.6.14 CORRECTION BLOCKS 


Input shown : 10111010 
Output 43 dj do 
01 1000 0110 


СВ: Correction block of tig.6-14 


РЮ,6:15 PARALLEL BINARY TO BCD CONVERTER 
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by w+x(y+z). 


The blocks of Fig, 6,14 сап be used іп the 
iterative way to obtain the logic circuit of 
Fig. 6.15. Here, no clock is required. Binary 
input is applied and after a delay of propaga- 
tion the BCD O/P is available. The circuit 
shown is for 8-bits binary numbers and 
could be extended for binary numbers with 
more bits. 


6.4.2 BCD To Binary Conversion 


BCD to binary conversion is a reverse 
process to that discussed for binary to BCD 
conversion. Here, the number in the BCD 
register is divided by 2^ in n steps, each step 
dividing the BCD register by 2. This will 
bring out remainder (0 or 1) into binary 
register. Remainder is decided by the least 
significant bit of a BCD number. The new 
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quotient of the division. If we shift BCD 
register by І bit right, the binary number 
represented by bits of BCD register shall get 
divided by 2. But in BCD a 1 crossing 
between 4-bit groups represents a power of 10 
instead of 16 and hence a crossed 1 must have 
the value equivalent to 10/2—0101)s instead 
of 16/2--1000%. From this, we formulate 
the following conversion algorithm. 
Algorithm 6,4: BCD to Binary Convers- 
ion of Unsigned Integers 
DO n times. 
(4) Shift combined BCD-BR registers right 
by 1 bit. 
(ii) If 4; > 1000); then d;d,—0011), 
(9;= ВСР register 4 bit group, і=1, 2, 
3 5k) 
where n—Number of bits in the binary 
register ke Number of digits in BCD register. 


contents of the BCD register will be Example 6,6 : Convert 237 into Binary 
BCD Reg, 
4, 4: do ВА 
1. (а) Shift right 0001 0001 1011 1 | 
(b) 40» 1000: --0011 
correction to do 
0001 0001 1000 | 1 | 
2. (а) Shift right 0000 1000 1100 
(b) dı, dy: 100; —0011 —0011 
Correction to di, do 1 
0000 0101 1001 
3. (а) Shift right | 0000 0010 1100 101 
(b) d$ 1000 : —0011 


Correction to до 


0000 0010 1001 


(б) No correction 
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4, (a) Shift right 0000 0901 0100 1101 | 
(b) No correction 
5. (a) Shift right 0029 0000 1010 
(b) do > 1000: —0011 
correction to 4, 
0000 0000 011 
6. (a) Shift right 0000 0000 001 
(b) No correction 
7. (a) Shift right 0000 0000 0001 | | 1101101 | 
(b) Мо correction 
8. (а) Shift right | 11101101 | 
N 


Result : 


Implementation Of Algorithm. 6.4 By Logic 
Circuits 


Sequential and combinational circuit 
implementations of the BCD to binary 
conversion algorithm are shown in Fig, 6.16 
and 6.17 respectively. The BCD digits of 
shifted BCD register are compared for a 1 in 
MSB, and 0011 is substracted if a 1 is found 
in MSB, In Fig. 6.16 detailed correction logic 
for a BCD digit is shown. Similar circuits are 
put бог all other BCD digits, For combina- 
tional logic implementation a basic block 
(CB) carrying ош the correction is shown in 
Fig.6.17 (a). This block is used in the 
iterative array of logic shown in Fig. 6,17 (b). 


211101101 


The algorithm 6.4 could also be used (with 
slight modification) for converting BCD 
numbers in sign -10’s complement form into 
binary numbers in sign -2’s complement 
form, with a difference in the shift operation. 
Here, we shift the BCD register using the 
arithmetic shift i.e., sign bit ọf the BCD 
register із copied in the vacated bit position 
and the sign bit is left unaltered. We 
illustrate this by the following example. 


Example 6.7: Convert 1,53 (in sign -10'8 
complement form) in to binary number ій 
sign -2's complement form. 


DECIMAL ARITHMETIC 


Shift pulse Py 


Ш-----:-: 800 register а 


4-BIT BLOCK DETAILS 


аз арар by z P: 5b 
4-BIT BINARY ADDER 
$y-255 B1. 99 


95 


FIG. 615 SEQUENTIAL LOGIC IMPLEMENTATION OF ALGORITHM 6:4 
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BCD INPUT 
1000 1001 0 1.0 1-(895) 


Input digit 


9422190, 
4-ВП ADDER іп 
535251 50 | 


Corrected output 


(a) CB Correction block (b) кіні Ur 1111 


Ё10.6:17 BCD TO BINARY CONVERTOR 
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Steps 


І. (а) Shift right 


(б) Correction 


2. (a) Shift right 


(5) Correction 


3, (a) Shift right 


(8) Correction 


S 
= 
LJ 
м 


Shift right 


(b 


= 


Correction 


5. (a) Shift right 


(b) Correction 


6. (a) Shift right 


(b) Correction 


Sign bit 


ПОЕ ЭЭ ХХ НОО ы: 


ШШ 


BCD Register 


0101 0011 
1010 1001 
0011 0011 


0111 


1011 


0011 
1002 


1100 


0011 


1001 


1100 


0011 


1001 


0110 


1011 


i 
ШШШ 


0011 
1000 


0100. 


0100 


1010 


| 


0011 


0111 


0011 0011 
1001 1000 
1100 1100 
0011 0011 
1001 1001 


Binary Register 


bbbbbbbb 


Ibbbbbbb 


19555555 


01555550 


01555555 


00155555 


00155555 


0001bbbb 


! 


0001bbbb 


! 


10001555 


10001555 


01000155 


01000155 


7. (а) Shu. right 


(b) Correction 


8. (a) Shift right 


(b) Correction 


E аара 


Result : 
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1100 1100 1010001b 
— 0011 0011 
1001 1001 1010001b 
1100 1100 11010001 | 
0011 0011 
(sign bit 
ў 
1001 1001 11010001 


1,1010001 — —1:274-25--21--1 


= —1284-644-16 4-1 


= —]128 4-81 
= —47 
Given decimal number --1,53--1.10%--53 
= --47. 
In the algorithms discussed for the comes out and gets lost. This lost bit must 


conversions of signed numbers (in sign- 
complement form), the arithmetic shifts are 
to be done on the BCD register. In other 
words, for shift left operation the sign bit 
remains unchanged, while most significant bit 


besame in value as the sign bit, otherwise а 
conversion overflow occurs and it must be 
indicated. In shift right operation, the sign 
bit is retained and is copied in the vacated 
(most significant) position 


EXERCISES 


1. Give a step by step procedure and 
logic design (using 4-bit binary adders) for a 
decimal full adder for numbers in excess -3 
code, 


2. Explain step by step, how the following 
decimal operations can be carried out for 
BCID numbers A=298 and B=326. 

(i) (+A)+(+B) (v) (--А)-(--В) 

i) (—A)+(+B) (vi) (+A)—(—B) 

(iii) (—A)+(—B) (vii) (+A)+(—B) 

(iv) (—A)—(—B) (viii) (—A)—(--B) 

3. Two n-digit decimal numbers are to be 
added using a single decimal full adder, give 
the complete logic design to carry out this. 


4. In. the radix -6 number system, the 
digits are represented by the 4-2-1 weighted 
binary code, i.e., digits 0, 1, 2, 3, 4 and 5 are 
Tepresented by 3-bit binary number 000, 001, 
010, 011, and 100, and 101 respectively, 

(a) Design a logic which finds 6's and 5's 

of complement of a digit. 

(b) Design a radix 6 full adder. 

5. Digits of numbers іп duodecimal 
(r—12) system are coded by the 8-4-2-1 
weighted binary code. 

(а) Design the 12's complementer for а 

digit. 

(b) Design a duodecimal full adder. 
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6. Repeat (5) бог axcess 2 and excess 4 
codes. 


7, Design a decimal full subtracter for 
BCD numbers. 


8. On the lines of binary to BCD conve- 
rsion algorithm and viceversa give ап 
algorithm to convert unsigned binary numbers 
in the weighted 4-2-1 coded radix 6 numbers. 


9. Using (8), illustrate the conversion of 
the unsigned binary number 1011011 into 
the 4-2-1 coded radix 6 number, 


10. Repeat (8) for numbers in sign-comple- 
ment i.e., give an algorithm to convert binary 
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numbers in sign-complement form into 4-2-1 
coded radix 6 numbers in the sign -6's 
complement form. 


ll. Repeat (8), (9), (10) іо convert 4-2-1 
coded radix 6 numbers into binary numbers. 

12. Repeat (11) for 8-4-2-1 coded duo- 
decimal numbers, 

13. Illustrate the conversion of 235 А), 
into binary. 

14. Design the combinational and sequ- 


ential logic circuits for the algorithms 
developed (8), (10), (11) and (12). 


BINARY MULTIPLICATION AND DIVISION 


14 INTRODUCTION 


In this chapter, we shall study the algori- 
thms to carry out multiplication and division 
operations on binary integers. These algori- 
thms could be implemented by sequential 
logic circuits or software programs. The 
algorithms are based on repetitive use of 
ADD/SUB and shift primitives. Іп the 
Section 7.2 various algorithms are given for 
binary multiplication which require different 


Enter pulse 
Y REGISTER (n) 
Down counter 


Clock 


Start the 
multiplication 
Signal 


2n-BIT BINARY ADDER 


execution times depending upon the number 
of bits analysed. Also extensive coverage is 
given to multiplication of signed numbers. 
Similarly the division algorithms are given 
for signed and unsigned numbers in Section 
7.3. 


12. BINARY MULTIPLICATION 


, Multiplication process is based on the 
fundamental fact that a product X.Y of two 


Rarallel data in 


Adder output 


FIG.7-1 SIMPLE MULTIPLICATION LOGIC SCHEMATIC. 
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integers із nothing but а number P, obtained 
by adding the number X to itself Y times. 
The number X is called a multiplicand, while 
the number Y is called a multiplier, This 
simple process of obtaining a product P is 
implemented by the logic circuit schematic of 
Fig. 7.1. The P register initially contains all 
zeroes. The 2n-bit adder adds X andP 
registers and the result is put back in Р 
register, Y register is a down counter to 
which a down counting pulse is given for 
every addition of X to P, When the contents 
of Y register becomes 0, the clock is stopped 
by resetting the F/F. The P register contains 
the product. 

In this multiplication procedure, the 
number of steps (i.e, time required for the 
multiplication) is proportional tothe value 
of Y. Moreover, we require a 2n-bit adder. 
Also, three registers, one with 2n bits and 
other two with n-bit lengths are required. 
Due to these reasons, this method is seldom 
used in practice. In the following sections 
multiplication algorithms requiring п/к 
(Е--1, 2) steps are discussed. 

121. Multiplication By One Bit Analysis 
Of Multiplier 

Let X and Y be two unsigned integers, 
where 

n—1 
ай Vee then, the product 


n—i 
X. Y-X x уі 
1-0 
—Xyy 2X yi 4-23X ys +..,2"-1Хуһ-1 
401) 


Extra bit to avoid 


OVF 


0 < 
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Equation (7.1) indicates how to obtain the 
product XY by the addition of n terms on the 
right hand side of equation (7.1). Each term 
on the right handside indicates an addition of 
lift shifted X by i positions (for i^ step) 
to the partial product (sum of previous 
terms). This addition is also equivalent to 
keeping X fixed and shifting partial product 
by the same amount to the right. The 
multiplication process is summarised in the 
algorithm 7.1. 

Algorithm 7.1 : PQ is the product register, 
Pand Qare ofn bit length. Xis an n-bit 
register, 

X гер« Х, : Multiplicand is transferred to 

X register. 

P reg«-0, : Partial product register is 

cleared. 

Q reg Y, : Multiplier is transferred to 0 

register 

Repeat n times the following : 

(i) If the LSB of PQ register is 1 then 

P<P+X, 

(и) Shift PQ right by 1 bit е, РО--РО(2 

Note: PQ is the register made by joining 
P and Q registers. This definition of registers 
is used throughout this chapter. 

Example 7.1 : Multiply Х--11111 (31) and 
Ү--10111 (23). 

Initial conditions : 

(0) Transfer X to X register 


(і) Clear P register, transfer Y to О 
register. 
X register— 
12120121: d X 
P Reg ^ Q Reg 
ОООО ОУ Е oT ST 


Step Мо. Operations 
1. (а) youl : add X 


(b) Shift right PQ 


2. (a) 121: add X 


(5) Shift right РО 


3. (a) уз=1: add X 


(5) Shift right PQ 


4. (а) ys=0, No operation 


, (b) Shift 


5. (а) n=l: add X 


+ 
© 


(b) Shift right РО 


B 


Result ; 


Algorithm 7,1 requires г: steps and makes 
use of equation (7.1), where X and Y are 
unsigned numbers. To use this algorithm for 
multiplying signed numbers in sign-magnitude 
orm, we take magnitude parts, treat them as 
unsigned numbers and carry out the multipli- 
cation, The sign bit of th= »roduct is calcula- 


1011901001 
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[rum eun! 
IUE Dd 0 UI. 1 0 
LS TC 1 8-0 І. I 


155155:12:15:1 
OF 1-1.,0>0 1510.07 1 


ted using the relation р, =х,Фу., where ре, 2 
and y, are sign bits of product P, the number 
X and the number Y respectively. The bit 
is attached to the product to give the signed 
product. 4 


Multiplication of signed numbers in si 
-Z' complement form could also Бе саг 
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out using Equation (7.1) as discussed below. 

The numbers X and Y whichare in sign 
-2's complement form can be expressed by a 
polynomial in 2 with sign bit having a nega- 
tive weight (все Chapter 2, Section 2 3). 


п--1 
X--—2x,2^4- 5 x0 
1-0 


Y=—y, 2% -n—1l 
X усі 
The product XY=X(yo+)1 2 4-.... 
Ув-1 28-1--у,25)..,(7.2) 
Example 7.2. Multiply 4-31 by —23 


Extended ——-, 
sign bit 1 
1 


Initial i 
Condition 


The product expressed here is the result 
of multiplying two number polynomials of X 
and Y (with -ve weight to sign positions). 
This thus will give the required product in 
sign -2's complement form. Equation (7,2) 
tells из that the last step will be subtraction 
of X (instead of addition as indicated in 
algorithm 7.1). Moreover, the shifting should 
reflect the division by 2 of the partial 
product, which is in the sing—2's complement 
form. Hence, arithmetic shifts have to be 
employed. 


EA 


Step No. Operations 


1. (а) youl : add X 


іка 
@ 


ET 


E 
2) 


(Б) Shift right 


2. (а) y1—0 : add 0 (МОР) 


(b) Shift 


3. (а) y,—0 : add 0 (МОР) 


(b) Shift right 


4. (а) уу-1:444Х 


Ое 


шилд 


| і 
ro 


Dnm mum 
D 
000011! Шил 


01411 


el mm 
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гн 


(b) Shift right [e] ши 


5. (а) у,=0:а440 


ава 


ў 
om 


6. (а) ys—1: (sign bit) add X+ 1 100001 


EE 
(8) Shift right Е Шил 


Result : 1,101001 10111 (—713). 


Example 7.3: Multiply X=1,00001 (—31) and Y —1,01001 (23) 


БО ida 


100001 |X 


Steps Operations 000000 |. 00070-1 


1. (а) уо=1: add X 100001 


100001 101001 


E 
EH 


oa 


(Б) Shift right 110000 


2. (a) yı=0 : add 0 


110000 110100 


ВЕ 


СЛ 


(b) Shift right 


alon Ск E 
ШШШ 
Н 
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3. (а) Уа--0: add 0 [:] 


(b) Shift right 


4. (a) уз=1: add X 


(b) Shift right 


5. (а) yı=0 : add O 


(D) Shift right 


6. (a) ys (sign) 1 


(D) Shift right 


Result : 


The multiplication procedure discussed in 


the above examples 
Algorithm 7.2. 


is summarised іп 


Algorithm 7.2 ; Multiplication of numbers 
in sign-2's complement form. 


Steps 


1. P«-0, Q-—Y 
X«-Multiplicand 

2. Repeat n—1 times 

Ч) If PQ (0) =1 then 
P<-P+X 


Comments 
X, Y, are two n—bit 


101 
с--ўв 
m Шил 
"toi 00001 
cm 
os 
E 
ЭТТ P1111 
a 2 
0,01011001001 (+713). 
Steps Comments 
4. PQ<PQ/2 : Arithmetic shift 
5. End of repeat 
6. If PQ (0) —1 : Sign bit analysis 
then P&- P—X 
7. PQ<PQ/2 : Shift PQ right (arith- 
metic shift) by 1. 
8. Stop 


numbers which are to 
be multiplied. 
P, Q, X are registers. 


: Initialise the registers. 


Note : PQ (0) stands for bit 0 of PQ 
register, i.e., the LSB. 


Booth's Algorithm 


The multiplication methods for sign- 
complement numbers (equivalent to algori- 
thm 7.2) due to Von Newmann and Goldstine 


102 


(1946)* required correction steps to the 
product obtained in the process оГ magnitude 
multiplication. Booth's algorithm does away 
with these correction steps, more ver, it has a 
uniform structure of steps. We shall analyse 
this method and illustrate it by an example, 
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that instead of analysing bits of Y we could 
as well analyse the two neighbouring blts of Y 
and accordingly add/subtract X or add 010 
the partial product. Table 7.1 gives the list of 
operations for the 19 step depending upon yi 
and уу-у in the multiplication process and the 


algorithm is illustrated by the following 
example. Note that, to start with we have a 
0— ys step. 


However Algorithm 7.2 given here (as а 
generalisation by Author) is equally good. 


п-- 
Let Y=—y,2"+ X yt 
10 


TABLE 7.1 


Noting that 2171—2*—2*-1, we can write 
Y as 


Y= -12"-Еун- (27-24) 4-)ж-а (29-1 
—2973) -уу(23-23) уц 2) + y«(21— 2) 


іе, Y m2" yni y) 2*7 (yy-2— Ува)... 
+. aly уа) 21(0—1) 

+2%0— уо) 

44413) 


By looking at Equation (7.3) we can say 
Example 7.4: lilustrate Booth's aora by multiplying Xe +31 and У —23. 
100001 X 


Initial condition e пи 
Q FF 
[e] 000000 101001 | 0 | 


:add X +1 100001 


:addX -0 0 E Hb d 


ШЕП ШЕШ 3 
1:12:120:1:0 | 28 


E. 
[o] 000011 111101 E 
У J 


*See Collecte Work of J. Von Newmann Vol, 2. 


FE stores the 
shifted bit 


Steps No. Operations 


1, (а) ҒЕ--РО(0)----! 


(б) Shift right by 1 


2. (а) FF—PQ\0)=1 


(b) Shift right by 1 
3. (а) FF—PQ(0)—0 : add 0 


(D) Shift right by 1. 
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4 (а) ЕЕ--РО(0)--41:444Х + 1 


(b) Shift right by 1. 


5, (а) FF—PQ(0)—1 : add X 


(b) Shift right by 1 


а СЫ 


6 (а) FF—PQ(0) e —1 : add X + 1 


(b) Shift right by 1 


НЕ 


НЕ 
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100001 


005£ 1 1 
010001 


001000 


Er i 


100001 


ignore 


110100 


CR 


Result ; 1,10100 110111 (—713) 


Note: Shifts are arithmetic since sign- 
complement numbers are involved, 


The algorithms discussed so far require n 
steps to multiply a multiplicand with an n-bit 
multiplier. This 18 so, because we used only 
the effect of one bit of У ata time in the 
multiplication precess. On the contrary if we 
analyse more bits of У at a time, correspond- 
ing reductions in the number of steps could 
be achieved. 


7.2.2 Multiplication by Analysing 
Multiple Bits Of Multiplier 


By analysing more than one bit of a 
multiplier at a time, the number of steps 
required to carry out the multiplication can 
be reduced proportionately. In this section 
we discuss an algorithm requiring п/2 steps 
for n-bit multipliers, This multiplication 
procedure uses 2 bits of multiplier in every 
step, This, thus, can be thought of as multiply- 
ing two numbers in quoternary system 
(radix 4), At every step we check 2 bits of 
multiplier, i.e., a digit in quoternary system. 
Let this digit be d. Then we shall have to 


add the quantity X. d to the partial product 
for every step. Since 4 takes values 00, 01, 
10 or 11, this means we have to add OX, IX, 
2X or 3X to the partial product. Also, 
shifting is by 2 bits (one digit in quoternary) 
in every step. Addition of 2X and 3X require, 
availability of 2X and 3X in the arithmetic 
unit, To avoid the use of more registers for 
this, we discuss an alternative. 

The addition of 2X is equivalent to the 
addition of left shifted X by one position 
(usually adders will bave provision to select 
either X or left shifted X as an input). The 
addition of 3X is achieved by splitting 3X 
into 4X—X. Thus, if in any step, 3X is to be 
added we simply subtract X from the partial 
product and the addition of 4X is done in the 
next step, which is equivalent to the addition 
of X itself (this is so because, partial product 
inthe nextstep is shifted right by 2 places). 
Table 7.2 lists the operations to be carried 
out in a step of this multiplication procedure, 
Third column represents aflag bit which is 
set to 1 if 4X was required to be added, 
otherwise it is cleared. 
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TABLE 7.2 
4X Е. Р) Effective 2-bit number 4 X Flag 

и Ун TM | ATE Operation (new) 

0 0+0+0=0 add 0X 0 

0 0 04-04-1—1 add 1X 0 

6224 0+1+0=1 add 1X 0 

0 1 0+1+1=2 ада 2Х 0 

1 0 2+0+0=2 add 2X 0 

1 0 2404123 adó — X 1 | 
Ku 2+1+0=3 add — X 1 | 


2+1+1=4 add 0X 


Steps No. Operations. 
1. (а) add —X (11—100—1) 100001 
Е!ав=1(Е=1) 


e Ән by 2 111000 |01011 


2. (a) add 2X (01--F—01 4.1 111110 
0 


-1 
and Е--0 ) 


(b) Shift by 2 


001101 100101 
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3. (а) add X (01--Е-0140 +0 011111 
-01) 


(b) Shift by 2 


Result : 001011001001 (713) 


Note : Іп step І (b) due to borrow in using the procedure discussed with minor 
subtraction ls are copied into vacated modification. This is possible due to the fact 
position. In general, to avoid the confusion, that thesign bitis to be assumed to have a 
use two extra bits and treat the left most negative weight and additions/subtractions 
bit as sign bit and carry out arithmetic are оп signed number. Since sign bit 
shifts. represents negative weight, the operation in 

the last step is to be modified accordingly, as 

Multiplication of signed numbers in sign shown in table 7.3, Thus, in the last step, we 
“2% complement form could be carried out wuse operations as per Table 7.3. 


TABLE 7.3 


Effective 2-bit 
Number 
2» Жу TF 


4 X Flag (new) 


0 0--0--0--0 0 
0 0 1 0+0+1=1 0 
654 0 0+1+0=1 0 
01 1 0+1+1=2 0 
1228 0 —24.04-0— —2 0 
150 1 —2+0+1=—1 0 
854 0 —24140——1 0 

0 


—2+1+1=0 


Example 7.6: Multiply —31 with —23 using sign --2% complement representation 
011111 


0 0 X 
На En 100001 | =—31)X 


23 


ў 
LJ EE 
Extended sign 
— 


bits to avoid OVF 
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Steps No. Operations 


l. (a) add X 


(b) Shift by 2 


2. (а) add 2X 


(b) Shift by 2 


3. (a) add —2 X (last step) 


(b) Shift by 2 


Result : 


72.3 Multiple Precision Multiplication 


This section discusses a method to carry 
out the multiple precision multiplication. We 
can implement the multiple precision multi- 
plication by bardware using a basic facility 
providing the multiplication of two n-bit 
numbers. The method depends on elementary 
relations. It could be best illustrated through 
an example, 


Assume that we һауе a block which сап 
carry out the multiplication of two 8-bit 
binary numbers. The multiplication of two 
16-bit numbers could be carried out as 
follows. 


Let X —28.x;-- xy and 
Y —25,y1 4- yo (see Fig, 7.2) 


be two 16-bit numbers. Here Хі, Хо are the 
most and least significant 8-bit bytes of X 
respectively, Similarly y; and Jo are two 
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Ep [n 
+ 1 1 
Ез (ЕЕ pe ШІП 
0 0 
кана ber [7 


0,01011001001 ( 4-713) 


000010 


[еле] forsore 


INN. 0 


bytes of Y. The product P is given by : 
P=XY 

= (28x; 4- xo). (28y1 + yo) 

= 216X193 4-28(x1 0+ ухо) H- XoJo 
The above equation gives us the method 
for multiplying two 16-bit numbers. What we 
need to do is evaluate the elementary 
products хуул, x3), Хоуо, хоу and add them 
with the appropriate weights as indicated in 
the above equation, Since the weights are 
Powers of 2, this involves only shifted 
addition of the elementary porducts. Fig. 7.2 
Bives the logic diagram of a multiplier which 
multiplies two 16-bit numbers, This logic 
uses 16-bit adders and 8x8 multiplier (which 


multiplies two 8-bit numbers) chips currently 
available, 


Using the 16x16 multiplier, ог Fig. 7.2, 
we can develop the multiplier for multiplying 
two 32-bit numbers, 
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х аан З 
ДИ 12512000 


хо 


00 


i 
p— 
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х(8) у() 


will 


8X8 MULTIPLIER | 
Ро 


Yo Py 


[шт 
x4 


32-Bit product 


FIG.7-2 16X 16 MULTIPLIER 


1,3. BINARY DIVISION 


Before proceeding to the division of 
binary integers, lct us sec how we carry out 
decimal division using the  arithemetic 
learned in school days This is discussed 
below, to arrive at some important conclus- 
ions regarding the division process in 
machines, We illustrate these through the 
following division. 

354050 Quotient digits 


га аў 
| 


—35 


185 5J 
—175 


01 C Remainder 


Lsd 


In this division, we obtained (Бе quotient Q— 
115 and remainder R — 10. 


In the example discussed the operand 35 
is called a divisor while the operand 4035 is 
called dividend. The quoticnt and remainder 
are related as follows : 

X=QY +R, where X=dividend 

Y —divisor 

О —quotient 

R=remaindei 
and |R|<|Y1. 


In the above example, we divided the 
4-digit dividend by ihe 2-digit divisor. In 
machines generally we divide 2n-digit divi- 
dend by n-digit divisor, and the lengths of the 
registers. holding quotient and remainder are 
fixed at n. The decimal division in the above 


example gave 3 digit quotient and if the 
quotient register has only 2-digits, the 
quotient 115 cannot be accommodated and 
hence an overflow condition should be 
indicated. The overflow condition occured in 
this example, because the number 40 formed 
by 2 significant digits of X is larger than the 
divisor 35. In general if we are dividing a 2n- 
digit dividend by n-digit divisor, the number 
formed by the most significant п digits of a 
dividend, should be smaller than the divisor 
and 11518 is not so an overflow indication 
hasto begiven, In suchcases we may not 
proceed further with the division since the 
result will not be of the interest. 


<> 
(rz + 
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7.3.1. Binary Division Using Comparison 
Method 

This method of binary division is exactly 
same as the one discussed earlier for the 
example of decimal division. In the binary 
division we have an added advantage of 
having a quotient bit either 0 or І only and 
hence either substraction or no subtraction of 
the divisor is required at every step. Figure 
7.3 gives the flowchart for the algorithm and 
Example 7,7 illustrates it, 


Example 7.7: Divide 
Y=0110. 


The comparison division works as follows 


Х--01010101 by 


FIG.7-3 FLOW-CHART OF COMPARISON DIVISION METHOD 


— 
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We have one register of length 2n bits (PQ 1 bit and the quotient bit is entered serially 


register) and a n-bit Y register. At every in PQ from LSB. The contents of P are 
step, the partial remainder is shifted left by denoted by ғ at the end of the «th step. 


е ыш 
(quotient bits) 
P Q 
? Initial condition | 0101 | 


Step No. Operations 
гг У? No: Ргосеед WS 
(b 2r, > Y ? Yes: Sub Y - өр» 


(b) 2 > Y? Yes: Sub У - газа 


Пэн 


(b) 2n > Y? Yes: Sub Y - TD f шэн 
43 Ф 91 
4. (a) Shift left РО | 0001 | qo 0 
(b) 2r, > Y ? No subtraction 48 ds 4! do 


цагг 


Result: | /4--0001 (Remainder) 
0--1110 (Quotient) 
OVF=0 


110 


011508 (у) 


SUBTRACTOR 
: Borrow 


Left shift 
pulse for 


PQ Reg. 


Parallel data 


input Load pulse 


Quotient bit 
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If this line has a value 
Т before giving n pulses, 
it indicates quotient 
OVF 

serialin 


Give n 
clock pulses 


here. 


FIG. 7-4 LOGIC CIRCUIT SCHEMATIC FOR COMPARISON DIVISION 


The logic circuit using the comparison 
algorithm for division is shown іп the Fig. 
7.4. The subtractor is used to subtract the 
divisor from P register and the result of 
subtraction is placed back in the P register 
only if the result of subtraction is positive 
which is indicated by the absence of the 
borrow signal in the subtracter, 


7.3.2. Restoring Division 


The comparison algorithm discussed in 
the earlier section requires а comparison 
circuit for n-bit operands, In early com- 
puters this usually used to be done by sub- 


traction іп arithmetic unit. Тһе result of 
subtraction usually used to be placed in the P 
register which is normally an accumulator 
(AC). If the result of subtraction is negative 
then (difference P—Y is negative) the quotient 
bit isset to zero and P register has to be 
restored back by adding Y (since subtraction 
of Y is required only when q—1). Thus the 
algorithm steps become non-uniform due to 
the ргевепсе/ог absence of restoration. The 
flow chart for this algorithm (used in second 
generation computers and called ав restoring 
division) із given in Fig. 7.5 and example 
(7.8) illustrates it. 


Example 7 8: Divide Х--10010010 Бу Ү--1011, 
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QUOTIENT ВІТ-1 


ALL THE BITS OF 
QUOTIENT FOUND ? 


ҒІб.75 RESTORING DIVISION ALGORITHM 


Step No.  Operatioas 


Q. (a) SUB Y 1 0101 
Result —ve hence OVF «0 1 Lzp 0 | 0010 OVF=0 
Proceed, 

Q. (Б) Restore қ: add Y + 0 1011 


АКЕ 


112 


І. (a) Shift left m 


(b) Sub Y ч 
et] 

өг! 
2. (a) Shift left E 


(b) Sub Y +1 
Tve 
4=1 [e] 
Tor 


3. (a) Shift left 


(b) Sub Y 


—ve> 
1 1100 
а-0 | | 


(с) Add Y (Restore) + 0 


perigee | 


4. (a) Shift left 


(b) Sub Y (add Y) + 1 


| 0010 | 
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010 b 


0101 9з 
0101 43 Ча 

| 0011 | 150:1 A 
43 4: 

0101 qs q2 qı 


1011 


0101 Qs 4з 41 do 


ve 
40-41 


Result: 0----1101, Е--0011. 
7.3.3. Non-Restoring Division 


The restoring division requires addition of 
divisor if the result of subtraction were 
negative. This compels the designer to have 
three pulses in time sequence for each step 
i.e., (i) Shift (ii) Subtraction (ііі) Restoring, 
This, thus, not only requires more hardware 
but also needs more time. To improve on 
this drawback, а  non-restoring division 
algorithm is proposed which does not require 
any restore step, but uses either addition or 
subtraction operations in each step as dis- 
cussed below, Again this algorithm may not 


be used in the present day systems because of 
the availability of number of accumulators. 

To analyse how we can proceed without 
restoring the partial remainder, let us look 
closely at the flow chart of Fig. 7.5. 

In Fig. 7 5, control goes from point A to B 
and back. Consider the cycles of activities 
as below. 

(а) Flow Cycle AECBA : Let чы and л 
be the remainders at the points B and A res- 
pectively, Then, 
а= 2n — Y + У “Эн 


(0.4) 
л 
Shift 


1 t 
Sub Y Restore 


BINARY MULTIPLICATION AND DIVISION 
Suppose that we do not want to add Y as 
indicated in the path CB, then the remainder 
say rias at В will Ье: 
аз м —Y 
d.e., паа Ү (from Еди. 7.4) 

OF пага У mU 
тё is the unrestored remainder at В and 2r; 
is the restored remainder (which should be 
used for the next step). Proceeding to the 
next step (i.e., going back to A) and working 
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with газ in place of 2r; we have : 


On actual On unrestored 
remainder remainder 
(і) Shift 2r Жа 
(іі) Sub Y 2r — Y 211 — Y 
(7.6) 


But лығы Y 
Hence 2ri41—Y —2r/41--2Y — Y (from нца м 
) 


«нат | 


(ENTER) 


NO 


IS RESULT NEGATIVE * 


SHIFT LEFT PG 


EXIT 


YES 


YES 


EXI 


ALL STEPS OVER ?) №0. 


IS Р NEGATIVE ? 


FIG.6 NON-RESTORING DIVISION ALGORITHM 
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The equation (7.6) tells us а very interest- 
ing fact. It indicates the possibility of obtain- 
ing the same result while working with an 
unrestored remainder, provided subtract Y 
operation is replaced by add Y operation in 
the next step. 


(b) Flow Cycle AEDBA 


In this case 7а and 7; are same and the 
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usual process of the flow chart of Fig. 7.5 
follows. 


From the above discussion, a point to be 
noted is that if the result of the last operation 
is negative, the quotient bit is zero and the 
next operative is addition. Otherwise, the 
quotient bit is 1 and subtraction is the 
operation to be performed in the next step. 
Fig. 7.6 gives the flow chart for this method. 


Example 79. Divide Х--10010010 by Y —1011. 


ШЕШЕ 
"i 


Operations 


Steps No. 
0 Add Y + 1 


Result —ve 


Result —ve, Proceed 


l. (a) Shift left 


B 
Ш 


(b) Last Result —ve, Add Ү--0 
Result +ve 


2. (a) Shift left 


Bu 
Ш 


(b) Last Result --ve : Sub Y +1 
Result --үе! 


3. (a) Shift left 


[*] 


(5) Last result --ve : sub Y 4-1 
Result —ve 


Ч 
Ч 


І 


© 
E J 
< 
нў 
! 
е 


0101 
Proceed 


1011 


1110 


© 
1 
= 


0101 делі 


0101 
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4. (a) Shift left 
(b) Last result —ve : Add Y +0 


Reni eve 0 | | 0011 | 


Results : О--1101, Е--0011. 
Note : 


EA 


AIS 


1011 


110 1 =! 


Last result’? stands for the result of addition/subtraction in the previous step 


(prior to shift operation of the current steps). 


We have discussed various algorithms 
which operate on given unsigned integers. 
The division of signed numbers can be carried 
out using these algorithms if the numbers are 
in sign-magnitude form by taking only the 
magnitude parts and operating on them using 
these algorithms. Тһе signs of quotient and 
remainder could be attached later using the 
following relations : 

Гас Ха 

q =X: Ys 
Where rs, Xs, д, and у, аге the sign bits of 
remainder, dividend, quotient and divisor 
respectively. 

Von Newmann* and others proposed the 
non-restoring division algorithm to operate 
on the numbers in sign-2's complement form. 
The algorithm and the analysis of the proof 
is as follows 

In this algorithm, divisor is either added 
or subtracted from the partial remainder 

depending on the signs of the two, If these 
two signs agree, the divisor is subtracted and 
the quotient bit is set to 1 else they are added 
and the quotient bit is set (00. In either 
case, the next partial remainder is obtained 
by shift left, and the process continues. 

Let го be the initial remainder (contents of 
P register) then 

rı=2ro +Y if q«—0 and 

n-—2ry—Y if q.—1, combining these two 
equations, we have 

n-—2ro4-(1—24,). Y 22(1:0) 
Where qn is the first quotient bit in the posi- 
tion n.(MSB /.е., sign bit). Similarly 

rg—2ri—(1 — Qn-1) Y 

--2(216-4(1--24,) Ү)--01--24л-1) Y 


Тєр collected work of J. Von Newmann 
ol. 2. 


--2%--2 (1—2gn) Y+(1—2gn-1) Y 
ra=2rs+(1—2gn-s) Y 
+28 (1—2gn) Y +21 (1—2qn-1) Y 
T2 (1--20я-3) Y 
and 
еа гу +28 (1--2да) Ү--23(1--248-1) Y 
4-2: (1—2gn-2) Ү--20(1--24в-3) Y 
In general the remainder г» is given by : 


k 
re=2'ro+Y X 2 2 (1—24) 
{= 


At the last step k—n, we have : 


n 
ы жалы джай Хэн (1--240 ...(7.8) 
The relation between X, Y, О and К is : 
Х--ОҮ TR, i e., (0.9) 
Ё-Х-ОҮ ...(7.10) 
2^ry is the number formed by register P 
because P is n bits left to LSB. This approxi- 
mately equals X .(error=initial Q register 
contents, which results in an error of at most 
1 in Q). 
Thus, 2", с«Х га) 
Substituting (7.11) in equation (7.8) we get : 


n 
һ=Х+Ү X20 (1—29) 
1-1 
п м 
=X+Y з 21-Y х 201. 24 
i-1 i-1 


n n 
=X+Y 4 21- 3 2% ...(7,12) 


2 Jæ 


i= 
п 

The term X 24 із the number formed 
1-1 1 


by the quotient bits entered in the Q 
register. Note ‘hat go is not found by this 
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process. Moreover, comparing equation (7.12) 
with equation (7.10) the actual quotient is 
not the one obtained in (һе О register. The 
correction to be made to the quotient is given 
by the term : 


n 
E Up 
i=] 


n 
Noting that — 5 2451 = —2^4-1, we have, 


{= 


Therefore, 


n 
R-—r,—X-4-(1—27) Y—Y 5 24 


1-1 


п 
-Х-Ү [з q2 41-23 
1-1 
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Thus, the actual quotient (terms in bracket) 
is obtained by adding (1—2%) to the quotient 
(pseduoquotient) obtained in Q register. This 
amounts to the subtraction of a 1 from the 
MSB and the addition of a 1 to the LSB of 
the pseduo quotient obtained. Note that the 
least significant bit of the quotient obtained 
by this algorithm (after correction) is always 
1, This may or may not be the actual case. 
This arises partly due to the approximation 
in equating X and 2%. 


Note that quotient апа remainder obtained 
by this algorithm are in sign—2's complement 
form. 


Example 7.10 Divide X—1,10010101 by Y —0, 1101. 


Step Мо, Operations To 


l. (a) Shift 


Ei 


(b) ro—ve, Y +ve add Y 4-0 


2 


ЕЕ 


2. (а) Shift 


(b) п —ve, У +ve Add Ү--0 


2 


ЕЕ 


3. (а) Shitt 


(b) та +ve, Y уе Add Y 


- 


Га 


B 


< 


0011 5% 


0010 

1101 q,—0 
| 1111 | 1010 

1101 наб 
| 1011 | 1001 | 


BINARY MULIIPLICATION AND DIVISION 


| 


4. (a) Shift T3231 


(b) rs +ve and y t ve: add y+1 


га 0 | 


Results : R=1010 


pseduo quotient=0, 0115 
+1, 0001 


1, 0111 (—9) 
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0011 


c—4-1 


Y 
| 1010 | | 0011 | 


The relation X=QY +R is satisfied as follows : 


—107— —9 x 134-10. 


The quotient, obtained in the obove example 
is still inaccurate, and it is due to the way 
the equality X=QY+R is satisfied, € g., 
(—107— —9 x 13--10) it is possible to incre- 
ment/decrement the quotient appropriately 
by looking at the signs of X, Y, Q and R, 
The exact logic formuiation for this is left 
to the readers as an exercise. 


134. Multiple Precision Division 


In this section, we discuss the multiple 
precision division. The basic process involved 
in the multiple precision division of integers 
is same as that discussed for the single 
precision integers, Only difference is that, a 
step for obtaining a bit of the quotient in the 
single precision division, corresponds to а 
step for obtaining a quotient word, More- 
over, in the earlier case (single precision 
binary division), the quotient digit 4 could be 
0 or 1, and therefore the subtraction of 
4.Ү is equivalent to subtraction of zero or 
subtraction of Y. In the multiple precision 
case, q shall be a quotient word and hence we 
require to multiply q and Y. The quotient. 
word q here is obtained by dividing the most 
significant two words of X by most significant 
one word of Y. The quantity q.Y is then 


subtracted from partial remainder (initially 
most significant part of X). The result of 
this subtraction can be positive or negative. 
If the result is negative, the quotient guessed 
is higher than the actual quotient. The proper 
quotient word is obtained by successively 
adding Y to the partial remainder (at the same 
time tbe quotient word is decremented by one 
for each addition) till the remainder is 
positive. Note that initially the most signi- 
ficant half part of X should be smaller than 
Y to avoid the quotient overflow. Moreover, 
whenever the single precision division, (during 
any step of guessing the quotient word) gives 
the overflow due to zero in the most signi- 
ficant word of Y, the quotient guess should 
be made using the next lower order non-zero 


word of Y. 


Illustrate the division of 


Example 7.11 : 
Х--40329162 by Y —5169. 
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q=Quotient of 40/5—8 
8Х5169--41352 


4=8—1=7 
4-7 


q= Quotient of 41/5—8 
8 x 5169—41352 


Steps 
0. 4032 < 5169, NO OVF, hence proceed 
1. (a) Shift X 4 0329 162» 
(b Subg.Y —4 1352 
borrow (—1) 9 8977 162b 
Add Y +0 5169 
T ve-0 4146 
2. (a) Shift X 4 1461 62bb 
(b Subg, Y —4 1352 
———— 


34 ve—0 0109 62bb 


3. (a) Shift X 0 1096 2bbb 

4. (a) Shift X 1 0962 bbbb 
(b Заба У  —10338 
+ve->0 0624 


Results: Q—7802 R —0624 
We illustrated the 


precision division through the 


process used : 


(i) A basic facility of division involving 


procedure of muitiple 


decimal 
example. 14 should be noted that the division 


q=8 
q=Quotient of 01/5=0 
а-0 


q—Quotient of 10/5—7 
2x5169—10338 


q—2 


digit guessed (this can be done using 
multiple precision multiplication). 


(iii? Multiple precision subtraction. 
(iv) Shift operation. 


In general a digit in the above example 


the division оҒ a 2-digit number by а Сап Бе replaced by а word, and the facilities 


i-digit number and 


(ii) Multiplication of У with quotient 


1, Illustrate the multiplication of unsi- 4 
gned binary numbers Х--01101, Y— 
10111 using 1-bit analysis of Y at a 


time, 


2, Repeat (1) using 2-bit analysis. 


3, Illustrate 
1,10011, 


the 


complement form), 


multiplication X= 
by Y=1,01101 using 1-bit 
analysis of Y (X and Y are in sign-2's 


listed above can be appropriately changed to 
operate on words. 


EXERCISES 


- Illustrate {һе comparison division 
algorithm by dividing Х--01001011 
by Ү--0101. 


5. Repeat (4) for non-restoring division. 


6. Illustrate the comparison divisions 
algorithm by dividing X=-01010 by 
Ү- 1011, 


7. Repeat (6) for non-restoring division. 


BINARY MULTIPLICATION AND DIVISION 
8. Repeat (3) using 2-bit analysis of Y. 
9. Illustrate the Booth's algorithm by 


10. 


1 


H 


multiplying X«1,11011 with Y= 


1,01101. 

Using single digit decimal multipli- 
cation facility (assume a block which 
carries out multiplication of two one 
digit decimal numbers to produce 
2-digit product), give the block dia- 
gram design of a decimal multiplier 
for multiplying — 4-digit decimal 
numbers. 

Give the flow-chart of the algorithm 
in (10) so that two n-digit numbers 
could be multiplied. 


12. 


13, 


14. 
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Illustrate the double prec isio division 
by dividing Х = 1010 1101 0110 1101 by 
Ү—1011 0111 Assume that you have 
single precision division (division of 
8 bit dividend by 4-bit divisor) and 
double precision multiplication 
facilities. 


Similar to what we did for 2-8 
analysis of Y in the multiplication 
algorithm, devise a multiplication 
algorithm, which can analyze 3 bits of 
У at a time. 

Illustrate the algorithm suggested by 
you in (13) by multiplying Х-- 
011101110 by Y —101101110. 


FLOATING POINT ARITHMETIC 


A floating point number һас two parts, 
viz., а mantissa (usually а fraction) and an 
exponent (an integer), To carry out an arith- 
metic operation on floating point numbers. 
we have to perform arithmetic Operations on 
fractions (mantissa) as well as an integers 
(exponents). Section 8.1 introduces the arith- 
Metic on fractions and remainder of this 
chapter is devoted to floating point arith- 
metic. 


8.1. Arithmetic Operations On Fractions 


Unlike unsigned integers, unsigned frac- 
tions have digits only or righthand side of the 
radix point as shown below - 


Register holding 


Register holding 


an integer Т а fraction 


Radix point 
A signed fraction N shall be denoted аз: 
М--а, аз. 14п-...8149 

where М is the signed fraction having Sign bit 
а, and magnitude bits as Gn-1, аһ-4,...а0. The 
-(dot) between а, and an-ı represents the radix 
point. 
8.1.1. Addition And Subtraction 


The addition апа subtraction operations 


on fractions can be carried out as they are 
done on integers, The radix point remains 
unaltered in the result. 


Example 81: Add A=1 101 and В--1.110. 
(Assume A and B in sign-2's complement 


form). 
А--1,101 (—3/8) 
B—1.110 (—2/8) 
S—1.011 (— 5/8) 
OVF=-0 


8.1.2, Multiplication 


Let Х, =Xs.Xn-1Xn-2.,.X0 
Үу= ya yn.1... Jo, be 

two signed fractions to be multiplied. Let 
us form numbers X=2".X, and Y=2"Y;. 
These numbers are integers with same bit 
patterns as original X; and У. Since X and 
У are integers, they can be multiplied using 
any of the algorithms discussed. in Chapter 7. 
Let P be their product, Тһе actual fractional 
product can be obtained as follows : 

PeXY-X, у, 2t 


Thus, X, Ye. P. 


Thus radix point of the product is 2, places 
to the left of least significant bit. 


( 120 ) 
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fractional Ху 


sign of 
product 
— 


8.13. Division 


Let X; and У; are fractional dividend and 
divisor of length (excluding the sign bits) 2n 
and n bits respectively. 


Xj MG 


Assuming the radix points on the right 
hand sides, the registers hold numbers Ху.22" 
and Ү;.2". These are integers and can be 
divided using integer division algorithms. 
The radix point for the quotient and remain- 
der could be obtained as follows : 

Xy2t—Q 2". Y FR 
—Q.2-5. Y j - R.273^ 
—Qj.Y t R; 


The quotient Q obtained in the integer 
division can be considered as fractional 
quotient by assuming the radix point at the 
left side (Q.2-"), The remainder is given by 
R.2-?^, where R is the integer remainder 
obtained in the assumed integer division. 


Example 8.2: Consider the 
X;—'01010101 by Ү/-- 0110 
The integers taking part in the division 
аге Ху238--01010101 and Y j.2^—0110. 
The quotient Q and remainder R ob- 
tained in the division shall be : 
О--1110 and R=0001. 


The fractional quotient and remainder 


Hence X; 


division of 


| 
Radix Point 


fractional Y; 


аге: 
0/=0 х 2-"='1110 
Ry=0001 х 2-8 
= 0001 x 2-4 
8.2. Floating Point Numbers 

The word Floating Point refers to the 
radix point whose position is not fixed but 
floating i.e., may differ with various numbers. 
For example, 13210 and 1821 are two 
numbers whose decimal points are at different 
positions. Floating point number representa- 
tion in machines tries to approximate the 
real number system of mathematics. Consider 
a physical situation where the masses of 
stars and elementary particles are involved 
in computations. Let the mass ofa star be 
4:1088 gms, while that of electron be 2:10-38 
gms. All tbe „calculations on:such numbers 
can becarried out using fixed point number 
system having 34 and 29 digits in its integer 
and fractional parts respectively. Doing so 
would allow the representation of numbers 
with 63 significant digits and the range of 10% 
could be achieved. 

On binary computers multiple precision 
arithmetic (use of more than one computer 
word for the number representation) could be 
used to provide the required precision. 
However, the mass of an electron or a star is 
not known accurately even to the five signi- 
ficant digits, let alone 63, Although it would 
be possible to keep all the significant digits 
in calculations, we will have to throw away 
the last 50 to 60 digits before printing of the 
final results. 
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With the above fixed point representation, 
there isa considerable wastage not only of 
computer time but also of the memory. What 
is needed is a system for representing 
numbers in which the range of a number 
system is independent of the significance. 
One way of separating the range and precis- 
ion is the scientific notation. 


М=/.10* 
f=mantissa (usually a 
number) 
ec integer (usually an integer). 


Where fractional 


In such a representation, the fraction ‘f’ 
holds a given number to the required (or 
available) precision, while available range of 
'e' determines the range of the number system. 
In a general radix r, a floating point number 
N is represented by N-f.r. Since we 
assumed the mantissa to be fractional, 
implying a fixed radix point to left, the 
number //% merely means that our 
number N is f itself with radix point shifted 
to the left or right by e places depending on 
whether, e is negative or positive respectively. 
Since the radix point of N is no longer fixed 
but is decided by e we call the representation 
as floating point representation. 


Example8,3: x—'2354x 10: 
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In digital computers the number of digits 
in ‘f’ and “е” have to be decided during its 
design depending on the possible use ofa 
computer Іп general purpose computers, 
mantissae my have 5 to 12 digits, depending 
on the word length of a computer. Exponent 
is generally 2 to 3 digits in length. 


Examylcs Of Floating Point Formats 


Floating point number representations in 
HP 2100 series and IBM 360/370 series of 
computers : 


(а) HP 2100 series: HP 2100 series 
minicomputers uses two words (word 
length is 16 bits) for single precision 
floating point representation. The 
format is as given below : 


The mantissa and exponents are signed 
numbers and they are represented in sign —2's 
complement form. The radix assumed is 2 
and the range of numbers is : 


2 to 427188 


(b) IBM 360 series: Single precision 
floating point format for IBM 360/370 
series of computers (word length is 32 
bits) is shown below : 


represents The value of the number represented is 
^d given by-f.16*-9. Note that ʻe’? does not 
1 7=`2354х 10-8 represents have a Sign bit, the number represented by 
0002354, bits Гог “е” actuallywepresents ап exponent of 
Word No.1 
Sign of 
mantissa Mantissa 
15 0 
Word No.2 
Sign of the 
exponent 
Exponent 


Sign of 
the mantissa 


Exponent (e) 


Mantissa (ғ) 
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value e—64 (excess 64), Also, the base is по! 
2 but 16. This enlarges the range of exponent 
bya factor of 4 over that with the conven- 
tional radix 2 system. 


$3. FLOATING POINT ARITHMETIC 
PRINCIPLES 


Since floating point numbers have two 
parts viz., mantissa and exponent, the arith- 
metic operations and their implementations 
depend upon the machine representation of 
fractions and exponents. 


Fractions are signed fixed point numbers, 
whose radix point is on the left hand side of 
the most significant digit. They can have any 
of the signed number representation, i.e., 

(i) Sign—Magnitude 

(ii) Sign—r's complement 

(iii) Sign—(r—1)’s complement. 


The arithmetic operations on. fractional 
numbers have been briefly discussed іп 
section 8.1. These operations can be imple- 


mented in the same manner as is done for 
Integers. 


The exponents сап be represen' ed іп 
sSign—magnitude ог sign—complement form. 
Also biased (excess) form is common for 
exponent representation, Biased representa- 
tion of exponent allows representation of 
both positive and negative ехропеліз by 
unsigned integers. The bias value is usually 
Chosen such that an entire range of unsigned 
exponents is equally divided between positive 
and negative valves. For example, if we have 
à 2-digit exponent in decimal base, then the 
number of possible states are 00 to 99, łe., 
100. To divide them equally, we have a bias 
of 50. Similarly biased binary exponents of 
n-bit length һауе a bias of 22-1. 


8.3.1. 


Floating Point  Addition/Sub- 
traction 
Let x1—f, . re; and 
х==/% „Т 


be two floating point numbers іп the radix 7. 
The addition. or subtraction 48 carried out as 
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follows : 


Сазе І: If e; and ez are equal, then the 
sum/difference of these numbers (S—f, . ге) 
is obtained as follows : 


(i) ee: 
(ii) ела 
(іі) If no overflow (OVF) in addition/ 
subtraction of f; and fa then stop, 
else shift right f, with carry and 
increase the exponent and stop. 
Example 8.4: Add X;—' 2310x109 and 
Хұ-- 8921 
0:2310 
--0:8921 


1:1231 
саггу--1, OVF=1 
after shifting carry in to f, we have : 
fe='11231 and 
е =e,+1=4 and the sum is given Бу: 
S$—:11231 x 104 


Case ПІ: еҙугез. 


If e; and еҙ differ, it із not possible to add 
fractions unless the weightages (exponents) 
of the fractional digits, taking part in 
addition/subtraction, arc same. This can be 
achieved by adjusting one of the exponent up 
or down as required and dividing or multiply 
ing the fraction by r (shifting the fraction in 
the appropriate way) as mauy times as еі and 
ез differ. Опсе this is done, Case If reduces to 
Case I, and operation is carried out, 


Example 8.5 : Assuming 5 digit precision 
for fraction 
add X;='23500 x 10? and 
Х,-- 45211 х 107 


We сап carry out the addition of Х; and Х, 
in two ways, i.e., by picking (i) е for adjust- 
ment or (іі) by picking es for adjustment. 

(a) Picking е; for the Adjustment 


Decrease е; by 2 and multiply the fraction 
fi by 100 (shift fı left by two places). In 
this process, we shallloose two most signi- 
ficant digits offi. This gives an ОУР in 
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fraction adjustment thus giving incorrect 


result. 
(b) Picking ex for Adjustment 


Increase е, by 2 іо make it 9i.e., equal 
to ез. Divide the fraction / by 100 (shift fs 
right by two places). In this process, we 
loose two least significant digits of fs. This 
is better than loosing most significant digits 
as in (а). The result of the addition is shown 
below : 


Х;=0'23500 x 109 
Х,=0'45211 x 107 

Xs with adjusted exponent is 000452. 10? 
Х,--0:23500 x 109 
--Ха--0 00452 х 109 


5 =0°23952 х 109 


From the above discussion it is clear that 
the exponent adjustment sbould be done on a 
number with smaller exponent. Exponent 
adjustment requires the division of fraction 
byras many times as two exponents differ. 
This thus keeps the value of the adjusted 
floating point number approximately (due to 
the constraints of available precision) as that 
of the original number. It should be clear now 
that why r* is used as the scale factor and not 
any other form like Кё (kyr), 

8.3.2. Floating Point Multiplication and 
Division 

Multiplication and division operations on 
floating point numbers can be carried out as 
follows : 

Let Хіз-/1.Ғ4 апа 

Ха--/з,7% be two numbers. 
Their product is obtained by simply multi- 
plying the fractions and adding the exponents, 

l.e., Let Х,.Х,--Р--/уле/ 

where fp=fi.fa and 
Cp=e1 +e. 
The floating point division Х:/Х» is carried 
out by dividing the fractions and subtracting 
the exponents. 
О-Х./Хұ--/) М where 
falfa and ёге — ез 
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8.3.3. Normalised Floating Point Repre- 
sentation 


Ап unsigned floating point number is said 
to be in the normalised form if the most 
significant digit оГ its fractional part is non- 
zero. For example, consider X= 012x 108 
and Ү--:231х 10° In these numbers X is not 
normalised, while Y is in normalised form. 
We can find out the normalised form of a 
number from its unnormalised form. For 
example X in the normalised form is 
‘120 x 108, 


When fractions are in sign—magnitude 
form, the definition of normalisation just 
given holds. On the other hand, if fractions 
are in sign-complement form, then a normal- 
ised number in a base r has a most significant 
digit with the value not equal to r—1 for 
negative numbers. 

Example 8.6 : Let М;---:012х 105 

М№= —:002 x 10% 
In the sign—10's complement representation 
these are : 

М,--0:012 х 105 

Ма--1:998 x 104 
Normalised numbers are : 

Ni=0°120 x 104 

М№=1 800 x 10% 

It is helpful if we keep the numbers in the 
normalised form. If all the numbers are 
stored in normalised form, the ALU can 
assume them in the normalised form and 
simply carry out the required operation and 
produce result іп the normalised form. 
Following example illustrates the addition of 
normalised and unnormalised nuntbers. 


Example 8.7: Add А--0:00122 х 108 to 
В--0:00011 х 105. 


_ Since A has a smaller exponent, it will be 
picked up for adjustment and its fractional 
part shifted to the right, 


Thus, | А--0:00001 x 105 
B=0-00011 х 105 


8--0:00012 x 105 
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If A and B are originally in the normalised 
form, we have : 

А--012200 х 101 

В--0 11000 х 108 


After exponent adjustment А becomes 
0701220 x 10%, 


Thus the sum is : 


A=0:01220 x 103 
B=0 11000 x 10% 


$—0:12220 х 10% 


[ The result obtained by using the normal- 
ised’ representation for the above example is 
more accurate than that using unnormalised 
numbers. This clearly illustrates the impor- 
tance of normalisation in floating point 
arithmetic. Normalisation of a floating point 
number is carried out by shifting the frac- 


tion to the left till a non-zero digit [or а поп: 


(r—1) digit in case of negative numbers in 
sign-r’s complemen form] takes position at 
most significant digit position. Also, for 
every left shift on the fraction, the exponent 
is decreased by one, The discussion presented 
here on floating point arithmetic used decimal 
system for easy understanding of the princi- 
Ples, and examples of binary floating point 
arithmetic operations should be worked out 
by readers as an exercise. 


84. FLOATING POINT ALGORITHMS 


Tg on the principles discussed in Sec- 
Точак and 83, we now present algorithms 
is cid ае the floating point operations. It 
54 “эв? (in the following algorithms) that 
ledig issae of floating point numbers аге 
ЖЫ ЖАШ; Тогш, while the exponents 
БАРЫ ба in апу particular form. 
% arithmetic should be done as per 
€ actual representation. 


Бас 5 and Y be the floating point numbers 
ed г and еу as exponents and fs and fy 
P mantissae respectively. Let mz, My 

m, be the magnitude parts and Sz, Sy and 


$ ! 
s be the signs ot mantissae fx, fy and f, 


Iespectively as shown. 
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mantissae exponents 


The algorithms presented here are for 
numbers in any general radix r, and the shift 
operations involved in these algorithms are 
arithmetic shifts. 

841 Addition/Subtraction 
Algorithm 8.1. Floating Point Addition/Sub- 


Operand Y : 


Result 8: 


traction 
Steps 
1. If operation is subtraction then com- 
plement fy. 


2. If es > ey then exchange X and Y. 

Comment : After this step X has a smaller 
exponent. 

3. If e—e, then go to step 6. 

4. Shift fe right by 1 digit position i.e., 
divide / by ғ, and increment es by І. 

5. Go to step 3. 

6. cYy<0, fa = /:--/. е, сё 

Comment : CY is a carry F/F which stores 
carry resulted in the addition from the sign 
bit of resultant mantissa. 

7; ОҮЕ-- Xi Ф Sy. (3, e Sy) 

8. If OVF=1 then shift 7, right by one 
digit. s, < CY and increment e,. 

9. "Ғе, overflows then set exponent OVF 
(ВОЎЕ), and go to step 13, 

10. If 5, + MSD of m, (Most Significant 
Digit of m,) 55 r or 0 then go to step 13, 

11. Shift fs left by one place and decre- 
ment £s. 

12. If e, underflows (borrow) then set 
exponent underflow (EUDF), and go to step 
13, otherwise go to step 10. 

13. Stop. 

Comment : Steps 10, 11, and 12 carry out 

normalisation. 
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842. Multiplication 


Algorithm 8.2. Floating Point Multipli- 
cation Steps 


1. ts < fe Sy 
2. e, «- ex + ey 


3. If e, overflows (or underflows) then 
set exponent OVF (EOVF) (or set exponent 
underflow (EUDF) and go to step 7. 


4. If s, 4- MSD of m, (Most Significant 
Digit of т.) > r or 0 then go to step 7. 


`5, Shift f, left by 1 position and decre- 
ment es. 


6. If e, underflow (borrow) then set expo- 
nent underflow (EUDF) and go to step 7, 
otherwise go to step 4. 

7. Stop 


Comments. Steps 4, 5and 6 carry out. the 
normalisation of the product. 


8.4.3. Division 


Algorithm 8.3. Floating Point Division 

This algorithm have same steps as those 
in Algorithm 8.2 except the first two steps. 
These two steps are as follows 5 

1. т, < та|ту 

2. e, <- es—ey 


8.5. ЕХРОМЕМТ REPRESENTATIONS 
AND THEIR EFFECTS ON LOGIC 
CIRCUIT IMPLEMENTATION 


From the algorithms presented in section 
8.4, it із to be noted that exponent adjust- 
ment and/or normalisation Operations are 
invariably present in these algorithms. Thus, 
an exponent representation better suited to 
the adjustment operation should be selected 


for implementation of floating point algo- 
rithms, 


8.5.1. Exponent Adjustment 


In this section we shall study the expo- 
nent adjustment process at logic circuit level, 


when exponents are in various representa- 
tions. 
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Let X and Y are two floating point 
numbers with exponents ez and ey respectively 
іп sign—magnitude form, Assume that е, 
is smaller than е). If е; is negative the 
register which contains the magnitude of e; 
is to be decremented and at the same time 
т: (mantissa of X) is shifted right, If e, is 
also negative, the adjustment is terminated 
when €s reaches ey. Оп the other hand if ey 
is positive, the decrementation of magnitude 
of e; shall continue till а—0 is reached and 
then the sign of ёс has to be complemented 
and further adjustment continued and decre- 
mentation of magnitude of es has to Бе chang- 
ed to incrementation. At every step of the 
adjustment, a comparison between е» and бу 
is made and the adjustment stopped when 
they match. 


When exponents are represented in sign— 
complement form, the steps are much simpler 
than those discussed for sign—magnitude 
form. Inthe present case, the smaller expos 
nent is incremented (treating it as an unsign- 
td number) and fraction of the smaller 
number is shifted) till the two  exponents 
match, Exactly similar situation exists for 
biased exponents. From this discussion, it 
may be noted that exponents іп signa—magal- 
tude form require (i) up/down counters for 
exponent adjustment and (іі) comparator to 
compare two signed integers in sign—magni- 
tude form, on the other hand when exponents 
аге in sign—vomplement form, only UP 
counter арӣ comparator for compat- 
ing numbers in sign—complement form is 
required, Exponents in biasd form require 
only up counter and a comparator for com- 
Paring two unsigned integers. Obviously, 
biased exponents should be first оп merit as 
far as exponent adjustment is concerned, 
leaving exponents in sign—2’s complement 
notation in the second place. 


Example 8.8, This example illustrates the 
discussion of section 8.4 for decimal floating 
point numbers, 
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Consider the two floating point numbers 
with exponents е:----3 and ey—--2. The 


and the adjustment process is as follows for 
the three representations. 


exponente; із picked up for the adjustment 


Sign—Magnitude Sign—10's Complement Biased (Excess 5) 


Initial 


Initial 
Condition ёа=2 


Condition е2= 1,7 


(nitial 
Condition ез----3 


Steps 


Steps Steps 


1. Decrement | es | : 1. Increment es : 1. Increment 
eue 2 ез--1, ёе: ёз=3 
2. Decrement | ег | : 2. Increment ёг: 2. Increment 
Cn ——1 éz=1, 6: ez=4 
3. Decrement | ег | : 3, Increment ez : 3. Increment 
€;— —0 €, —0, 0 €z | ын 
4. Complement sign of 4 Increment es : 4. Increment 
Еш | Ез == -+0 ez=0, ба: ег--6 
5. Increment | & | : 5. Increment ег : 5. Increment 
вее +1 £; —0, Ез | ёв 


6. Increment ||: 
es +2 


EXERCISES 


1. A 10-bit floating point word has 6 bits 
for mantissa (including sign) in sign—magoi- 
tude form and 4 bits for exponent (with base 
2) in excess 8 form. 


(a) Represent Х--13:5) and Y= —9 25)ю 
as the normalised floating point 


binary numbers in ihe above format. 


(b) Ilustrate the floating point addition 


of X ага Y. 
(c) 


Illustrate the floating point division 
of X and Y, 


Illustrate the floating point multipli- 
cation of X and Y. 


(4) 


2. Repeat (1) for the numbers Х----3:25 
and Ү= +8.5. 

3. Repeat (1) when mantissa is in sign— 
2's complement form. 

4. Find the range of floating point num- 
bers that could be represented in the floating 
point format of (1). 

5. Interpret the following hexadecimal 
numbers as floating point numbers in the 
IBM 360 floating point format (single preci- 
sion) and write their closest decimal floating 
point equivalents, 

(a) 44024E00 

(b) 34618256 


(cj 69АВ1Е12 
(d) 15ГАВСр10 


6. Repeat (5) for HP2100A minicomputer. 


7 Find therange of numbers that could 
be represented in the IBM360 single precision 
floating point format. 


8. Repeat (7) for HP2100A. 


- eode them in the machine language oft 
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9. Write the floating point additio 
subtraction, Multiplication and  divisioi 
routines in the machine language of а 
machine you have. 1 

It you do not have a computer, decide on 
the format of floating point numbers for th 
hypothetical machine done in Chapter 1, а 


hypothetical machine. 
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Instructions and data on which a central 
processing unit works аге stored in the main 
memory. It is a major component of a digital 
computer system. The size of such a memory 
ranges from a few kilo bytes in small com- 
puters toa few million bytes in large com- 
puter systems. In early systems, magnetic 
cores were the only form of memories used 
as main memory and the terms core memory 
and main memory were used synonymously. 
With rapid advances in semiconductor 
technologies from early seventies, semi- 
conductor memories. are replacing core 
memories. Inspite of this development, core 
memories continue to be main memories in 
many systems. In this chapter, we shall 
study the principles of core storage and their 
organisations in forming large scale memory 
Systems, 


91. MAGNETIC CORE 


и A magnetic core is a small, toroid shaped 
ting, Wires сап be strung through it for 


FIG.9-1 A MAGNETIC CORE 


passing electric current (Fig. 9.1). The B-H 
curve, ie, a graph between the applied 
magaetisiog force Н (which is proportional 
to the applied current I) and the resultant flux 
density B is shown in Fig. 9.2 for a typical 


Е!б.9-2 B-H CURVE FOR FERRITE CORE 


magnetic core, When an electric current of I 

amperes is passed through the wire, it induces 

a magnetic force Hec I[R at radius R (Fig. 9.1). 
The magnetising force H induces a flux 

density Bin the core in the direction of H, 

which in turn depends on the direction of the 

current I. The relation between B andi H is 

determined by the material used for making 
cores, Ferrite cores used for memory;systems 
have a B-H curve as shown in Fig, 9.2. 


92, CORE AS A STORAGE CELL 


Let us consider an unmagnetised core i.e., 
core with the. initial condition corresponding 


(19) 
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to the origin оп the BH plane. Let the current 
I be increased from 0 ónwards gradually in (Бе 
positive direction (which is arbitrarily chosen), 
For this change of I, the flux density moves 
along the line ОА. Any further increase of 
current (i e., from current value Im) from the 
point A does not significantly change the 
flux density and the core is said to be satura- 
ted in the positive direction. Now if the 
current I is decreased towards zero, magneti- 
sation does not follow the line AO, but 
follows line AB (Fig, 9.2) due to the pheno- 
menon called hysteresis. Thus at the point 
B, which represents 1—0, the core has а flux 
density of magnitude +B,, which is called 
the residual flux, If we continue to decrease 
I beyond zero (Le. pass current іп the 
negative direction), the B—H curve follows 
the path BEC and at the point C, the core 
gaturates in the negative direction, Тһе 
release of the current to zero value now 
leaves the core with the residual flux density 
of —B, at the point D on the B—H curve. 
The shape of the hysterisis curve (ВАН 
curve) of a magnetic core. is such that, an 
already saturated core (in either direction) 
does not appreciably change its flux density 
even for the currents of values upto 6 Im. 
From the behaviour of the core discussed 
above, we give the following important 
conclusions. 


(4) We сап make а core to retain either 
of the flux densities +B, or — В, by 
passing a current of value +I» or 
—Im (see Fig. 9,2) respectively (Im will 
be termed as full saturation current 
or simply full current). 


It the core has to retain maximum 
magnetisation, the B—H curve should 
5e rectangular. 


+īIm/2 current does not cause апу 
appreciable change in the residual 
flux of a saturated core. This value 
of current shall be termed as half 
current. 


(d) А соге can retain (store) either +B, 
or —B, бэх density depending on how 


Ф) 


(c) 
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it was saturated. These could be used 
as two logical states say +В, as 
logical 1 and —В, аз а logical 0, 


А соге can be used as a storage cell 
capable of storing one bit of infor. 
mation, | 


(е) 


9.2.1. Write operation | 


Аз discussed earlier, we record а ] in the 
core cell by passing а current Im. To record 
а 0, а current of magnitude —Im is passed. 
The duration for which these currents are 
passed should be sufficient to saturate the 
core. This duration is a property of the 
magnetic material and the core geometry, It 
is of the order of half a microsecond, Itis 
called the core switching time. Note that 
+1 current could be passed by a single wire 
carrying a full current or two separate wires 
each carrying half current in the additive | 
direction, These wires are called drive wires. 
There may be two or three drive wires fora | 
single core. 


922. Read operation 


The information contents of a core cell 
cannot be directly read. То read a core cell 
we need a special read electronics It con- 
sists of a read wire passing through the core 
and a sense amplifier, which amplifies and 
shapes the voltage on the sense wire into 
logical state voltage. The read procedure 8 
asfollows, We passa current of value -ї 
through the drive winding ; this takes the core 
into a logical 0 state. ЇГ were storing 9 | 
logical 1, there would be a change of flux 
corresponding to the difference between the | 
residual flux densities (i.e., -- B,—(— B») 7289 | 
This change produces a large voltage ОЛ the | 
sense winding and the sense amplifier gives | 
out a logical 1 signal for some fixed dura | 
tion. Оп the other hand, if the core: wete | 
storing a 0, negligible voltage appears 00 2 | 
sense winding and a logical 0 signal i$ given | 
by the sense amplifier. Note that whens | 
core is read it always stores а 0 after reat | 
operation, thus destroying the old contenti 
Hence the core read operation is destructive | 
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Drive il i 
—lm | | 


FIG.93 VOLTAGE INDUCED ON SENSE WIRE 


Moreover, sense amplifier output signal is 
available only for a small duration, and 
therefore it must be latched into a flip-flop. 


The typical output voltage wave forms on 
the sense winding are showa in Fig. 9.3. 
Qualitatively these can Бе explained аз 
follows. When the core is storing a І the 
read current --І», takes the core from the 
point B to D through the path BECD (Refer 
Fig. 9.2), Thereis a small change in flux 
(due (о non-zero slope of ЕВ) from B to E ; 
this induces a small voltage peak, after 
Which the flux changes from point BtoC 

; Which accounts for a major flux change and 
Consequently a large voltage is induced in the 
Sense winding. This voltage decreases to zero 
in the region CD. Тһе waveform of the 
induced voltage for a core storing a 0 is 
shown with a dashed line. In this case a 
Very small flux change occurs in the region 
DC, which gives a small peak, after which 
Voltage decays towards 0, Тһе 1 and 0 wave- 
forms on the sense winding differ not only in 

. amplitudes but also in the times at which the 
Peaks occur. Therefore, they can be easily 
distinguished 


The following sections deal with various 
organisations of basic core cells and drive 
electronics in forming a memory system. 
memory unit is basically organised as ad array 
of number of words (locations), wher& each 
word contains a number of bits. Тһе word 
is a basic unit of information which could be 
transferred in and out of the memory in oue 
access. The size of the memory ів. usually 


“ expressed іп terms of п words of k bits each 


(ie, nx k). 4 


93. LINEAR SELECTION (2D) ORGA- 
NISATION 
“То bring out the salient features of this 
memory organisation, we shall consider. а 
64 х 4 2D memory, whose schematic organisa- 
tion is showa in Fig. 9.4 ids 


931 Organisation | 4 

In a 64x 4, 2D memory organisation, the 
cores are arranged in the. form of a matrix 
of size 64x4 (Fig. 94.) (nxk for a memoty 
of size nxk). А гоў of the matrix 
corresponds to a word of the memory. 
The cores in a row have 2 common drive wire 
called X drive winding. While the cores ia 
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0: Current driver 
of capacity:!m 


ID: Inhibit driver 
of capacity 
“Іт? 


FIG.94 64Х4 2D MEMORY ORGANISATION 


a column havea common Y drive (bit drive) 
winding and also a separate sense winding as 
shown in Fig. 9.4. X wires Хо, X4 ..., Xes 
are driven by current drivers Do, D; ..., Des 
respectively. Тһе X current driver, when 
enabled can drive current of +1, amperes. 
On the other hand, Y wires are driven by 
inhibit drivers (IDs). An inhibit driver, when 
enabled, drives —Im/2 amperes, Тһе 6 to 64 
decoder selects one of the 64 X drivers for 
sending the X drive current through the cores 
of a required location. Ап inhibit driver is 
enabled when there is 0 in the corresponding 


bit of MBR. The sense winding output 
voitage is amplified and shaped into 0 or І 
voltage by the sense amplifiers. 


9.3.2, Read cycle 


The read cycle of this memory consists of 
passing a current of value —I, through the 
selected X wire (i,e., cores of а selected loca- 
Поп). A data bit appearing on a sense wife 
is due to the flux change in the selected core 
Outputs of the sense amplifiers form а data 
word read from the addressed location. The 
sense amplifiers outputs are latched into MB 


— 
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by the strobe pulse. At the end of read cycle, 
itisto be noted that the addressed location 
shall contain all 08. 


93.3. Write cycle 


Assuming that all the cores of a selected 
location contain 078, we shall discuss, how a 
data word could be recorded in any required 
location. The addressed location is selected 
by the decoder which enables the appropriate 
current driver. This current driver passes 
the current of value Im through the selected X 
wire (1.е., through all the cores of selected 
location). Ifthis із the only drive current, 
all the selected cores will switch to a logical 1 
State and thus all 175 shall be recorded in the 
addressed location, irrespective of the data 


Sense wire і 
voltage 


1 Output 
0 Output 
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pattern to be recorded. То avuid this the 
inhibit windings are provided. Ап inhibit 
wire is driven by an inhibit Driver (ID) which 
drives a current of value —I»/2, only when the 
corresponding MBR bit hasa0. This —1,/2 
amperes current and an X current of value 
Tl» amperes add to --1,/2 for the selected 
core in which a is to be recorded, Тһе 
value 4-1 2 amperes із not enough to switch 
the core and thus it remains іп its old state 
(i.e:, 0), Ifa 1 is to be recorded, the inhibit 
driver is not enabled, and the selected core 
switches to a 1 state. 


9.34. Memory Cycle 


Any request to {һе memory for fetching 
orstoring a data word is internally mapped 


X drive 


„г 


МШЕ ЛДЫ? UI БИЙ. 1 
Read cycle 


Inhibit drive | ! 22 


-Im/2 


Sense amplifier 1 . 
output 0 ЖЕМЕЙ КИ EO tuor ro г о? ЭА аа 
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Бу the memory controller into а memory 
Cycle, А memory cycle consists of a read 
cycle and write cycle. In read cycle, data 
ің read. and the location is cleared due to 
destructive read operation and therefore write 
. cycle follows the read cycle, which records 
the data read іп the read cycle (or a data 
supplied in MBR). 


When a request for storing a data word 18 
made, memory controller generates a read 
Cycle to clear the addressed location (since 
write cycle requires 078 to be present initially 
іп cores). The data generated on the sense 
wires during this read cycle is prohibited 
from entering into the MBR. The write cycle 
then records the given data (which should be 
present in the MBR before the write cycle 
commences) in the addressed location. 


Fig. 9.5 shows the 2D memory cycle 
current waveforms with important parameters 
like access time and cycle time marked, 
Access time is the time required by memory 
to meke available the data from a required 
location, in MBR. As can be seen from 
Fig. 9.5, access time is less than read cycle 
time, while memory cycle time is twice the 
time required to switch a core. 


8.35. Discussion 


И can be easily seen from Fig. 9.4 that 
8 2D memory of nx k size shall require n+k 
current drivers. Therefore for a large value 
of n, the decode and drive electronics is too 
expensive for this organisation to be practic- 
able. On the other hand, induced emf in 
each sense wire is entirely due to the core 
which is being read, (this is net the case with 
other organisations) апа thus there is no 
limitation on the number of cores (j.e., 
locations) on one sense winding. Also, since 
inhibit wire із required only in write cycle 
and sense wire is required during the read 
суйе, a single wire could do both these 
functions, This single: wire can act as a 
sense winding during a read cycle and as an 


‚ Winding (not shown 
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inhibit winding during a write cycle. More- 
over, іп a read cycle, cores of only -the 
selected location are affected. This has the 
advantage that by increasing the read 
current —Im, we can get better access time. 


COINCIDENT CURRENT 
ORGANISATION 


94. (3D) 


In this section, we shall discuss 3D memory 
organisation also called as coincident current 
memory organisation 


9.4.1. Organisation 


As the name suggests, we have a core 
Stack arranged in thrice dimension of space 
(at least conceptually if not physically). A 
3D memory of size nxk has k planes of 
cores. One plane contains n cores, each core 
representing a bit of one location. Thus, one 
plane forms one bit of. all the locations. These 
К planes are stacked to form the k-bit per 
word memory. In this section we shall discuss 
a 64x 4, 3D memory to bring out the general 
principles. А 4ypical plane of 3D memory 
is showh in Fig, 9.6. 


Each of these planes has 8 rows (yp іп 8 
general case) and 8 columns. Through each 
TOW of cores passes a drive wire called X 
drive wire. Let these wires be numbered as 
Xe, Xs..., Xs. Similarly, through each column 
passes a Y drive wire. ; Let these also be 
numbered as Үс, Y;..., Үт. There is опе 
sense winding passing through all the cores in 
the plane and its geometry is shown in Fig. 
9.6. The reason for this geometry shall be 
discussed later, A plane also has an inhibit 
in Fig. 9.6) passing 
through all the cores, such that inhibit current 
is in the opposite polarity to that of X and 
Y drive currents. Such а 3D organisation is 
called 3D—4 wire organisation, If a common 
winding is used for sense/inhibit purpose, the 
Organisation is called 3D—3 wire organi 
sation, А 3D—3 wire organisation is slightly 
Complex, because sense and inhibit winding 
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Xo,X1,:: X2 : X Drive windings 
Yo, Үл» (c Y? 'Y Drive windings 


FIG.9:6: 3D MEMORY CORE PLANE 


geometries are decided by different factors. 
Though the geometries of the sense and 
inhibit functions are conflicting, special 
electronics could be used to alter the direction 
of inhibit current so that it shall oppose the 
X or Y drive current for all cores. 


і We shall discuss, іп this section, а 3D—4 
wire organisation, nevertheless the concepts 
discussed in this section also apply to 3D—3 
Wire organisation. 


The block diagram of a 64x 4, 3D niemory 
organisation is shown in Fig. 9.7. Ав can be 
seen from Fig. 9.7, the X drive wires of the 
Planes are connected in series and finally 
grounded. Similar connections are made for 
Y drive wires. The bits of Memory Address 
Register (MAR) are divided into two parts. 
Each part has half the total number of bits. 


One part addresses the X drivers, while the 
Other addraccae tha V denas The X and 


Y parts of MAR, which are decoded separa- 
tely, enable the addressed X and Y drivers. 
For selecting a core, a half select current i$ 
passed through the selected X and Y wires 
through. their respective drivers. This 
produces a magnetising forces equivalent to 
a full current for the core at the intersection 
of the X and У lines. This is the required 
core addressed by the MAR. One sich core 
exists on each plane and these cores form a 
memory word for the addressed location. 
Also in each plane, other cores on the 
selected row and column get half select 
current. As discussed earlier in Section 9.2, 
these cores are not affected. The sense 
winding of a plane feeds the sense amplifier 
through a rectifier. An inhibit driver of а 
plane is enabled in the write cycle to send a 
current of —Ip/2 if the :corresponding bit in 
MBR is 0, otherwise it is not enabled. 


3 TO8 DECODER 
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External requests 


Read Write 


Timing and 
contro! 
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9.4.2. Read Cycle 


In з read cycle for a 3D memory, a 
current of—1,4/2 із passed through the 
selected X and Y drive wires by their res- 
pective drivers. The selected core in each 
plane gets a full current —Im and Switches 
Ihem to 0 state. This switching induces emfs 
ой the sense windings of planes, thus giving 


the state of the selected cores (before switch- 
ing) at the output of the sense amplifiers. 
The data at outputs¥of sense amplifiers is 
stored in the MBR. It may be observed that 
each plane also has М,--М,-2 (Nz, Ny 
denote the number of X and Y drive wires in 
a plane) half select cores. These half 
selected cores induce emfs similar to a logical 


CORE MEMORY SYSTEMS 


0 output voltage on the sense winding. These 
voltages are small and their peaks do not 
appear at tbe strobe time, But inspite of 
their small values at the strobe time, they 
may jointly contribute to a large voltage, 
which could possibly be falsely interpreted as 
a logical 1. Due to this reason, sense 
winding is threaded such that.a pair cf cores 
in à row or column cancel the half select 
emfs of each other One such threading is 
shown in Fig. 9,6. Due to this particular 
threading, the selected cores of various 
locations will not produce emfs of the same 
polarity, therefore the sense winding output 
must be rectified and then applied to the 
sense amplifiers. 


9.4.9. Write Cycle 
In the write cycle, a current of value 


Sense winding 
out 
i volts | 
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+Jm/2 is passed through the selected X and Y 
wires and a current of value—15/2 is passed 
through the inhibit windings of bit planes 
where the corresponding MBR bits аге 0%, 
In the absence of the inhibit currents, the 
selected cores in all the planes will get a full 
current and thus would switch to the logical 
1 state for all the planes, thus recording 
a pattern of all 175 in the addressed location. 
To record a 0 in a particular hit, an inhibit 
current of the magnitude —1,/2 is passed by 
the corresponding inhibit driver, which 
reduces the total current of the selected core 
to +Im/2. This, thus leaves the selected core 
in its old state (which would be 0 due to the 
read cycle carried out earlier). 


9.4.4, Memory Cycle 
Memory cycle for а 3D core memory 


1 Output 


0 Output 
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constitutes а read cycle followed by a write 
cycle. When a data word is to be fetched 
from a location, memory unit carries out a 
read cycle. This brings the data into the 
MBR and leaves the addressed location in 
the zero state (due to destructive read out). 
To restore the data just read, a write cycle is 
carried cut. Similarly for recording a data 
word, а read cycle clears the addressed 
location and a write" cycle following it puts 
the data (which should be in the MBR before 
the write cycle starts) in the addressed 
location. Fig. 9.8 shows the current and 
related waveforms for a 3D memory cycle. 


9.4.5. Discussion 


A 3D core memory organisation offers 
cost—effectiveness in the drive electronics 
(i.e,, number of drivers/decoders), On the 
other hand, due to a large number of halt 
selected cores (Ne+Ny—2) the noise on 
sense windings has to be taken care of. This 
is done, as mentioned carlier, by a peculiar 
threading of the sense windings. А 3D—4 
wire organisation із thus simple and inex- 
pensive (except for sense amplificrs which 
require higher signal to noise ratio). On the 
other hand 3D—3 wire organisation is some 
waat complex, since for every core in a 
plane the inhibit current has to be in the 
opposite direction to that of X and Y drive 
currents. "This is a complex task if sense 
winding is used as inhibit winding, because 
sense winding direction alternates for every 
consecutive cores in a row or column. There- 
fore to keep the inhibit curent іп the 
required direction, а special electronics has 
to be used, which would switch the direction 
of the inhibit current appropriately depending 
upon the position of a selected core with 
espect to the sense winding. The 3-wire 
nemories can. be built with smaller size of 
ores than those with 4 wires, and smaller the 
ore, less is its switching current and the time 
equired for switching. This would result in 
aster memories, -On the other hand we can 
ot switch а core faster, by increasing: the 
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current beyond І», because, in 3D organi- 
sation, drive current cannot be increased to a 
great extent since the half selected cores 
would also get more current. This half 
current if sufficient, may switch these cores 
thus destroying the data they were storing. 


9.5. 22) MEMORY ORGANISATION 
9.51. Organisation 


A core plane for this organisation is | 
arranged in the same manner as is done for 
а 3D organisation, with the exception that 
there is no inhibit winding, The plane is 
made of a rectangular matrix of size mxn. 
The numbers m and n are selected such that. 
the total number of drivers required are 
minimised. Fig, 9.9 shows the schematic of 
such an organisation for a 64х4, 20 
memory, For convenience, the planes are 
not shown one below the other. The X and 
Y wires pass half select currents when 
selected. Since there are separate Y drives for 
each plane, the selected У driver of a plane 
may be separately enabled/disabled. 


In this organisation, X wires аге connec- 
ted in series as is done in case of 3D memory, 
One end of X wires is grounded, while the 

ther efid is connected to a driver, The Y 
Wires of individual planes have drivers which 
are terminated to ground separately. If X 
and У denote the number of rows and 
columns in a plane, then, we require a total 
of Х--К.Ү current drivers for the K-bit word 
memory, 


9.5.2. Optimum number of rows and 
columns 


We shall give a simple method, to arrive 
at the organisation of a plane in terms of 
member of rows and columns. 


Let X=Number of X wires (rows), 


Y=Number of У wires (columns), 

K —Number of bits in a word, 

N=Number of memory locations 
(4.6. number of cores in a plane) 
and 

D Number of drivers. 
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Looking at Fig, 9.9, we can immediately 
write : 
р-Х-К.Ү 
and М-Х,Ү 
thus D— 3 TK.Y ныя) 


To obtain the minimum D, we differentiate 
Equation (9,1) with respect to Y and equate 
-it to 0. 


dD 


-М 
Thus "ДҮ = түз +K=0 


or 
Y=./N/K 

Since а” із - уе, we get a minima of D at 
dy! ў 
Y= NIK. 

From this we find the number of bits 
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output 
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required in MAR to address the Y wires, 
This shall be logs Y (if logs Y is not a whole 
number, the nearest integer number may be 


taken). 
For the 64 x 4 memory discussed, we have; 
Y=. st —4/16—4; 
and 
N 
X= Y 719 


Thus ош of 6 bits of MAR, 2 bits are 
used for addressing the У wires, while 4 
bits are used for addressing the X-wires. 


9.5.3. Read Cycle 


The selected X driver passes a current of 
value —1,/2, This current passes through all 
the planes. Also, for each plane, the selected 
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Y driver passes the current of value —Im/2, 
and the cores (one in each plane) at the 
Intersection of these Х and Y wires get full 

` current. This causes these cores to switch to 
zero. The emfs, which are induced, are 
amplified and the data is strobed into MBR. 
The selected cores are left in 0 state. 


9.5.4. Write Cycle 


In a write cycle, the selected X driver 
passes +Im/2 current, But the selected У 
drivers pass --1,/2 current only for the planes 
corresponding to MBR bits storing 17%, This, 
thus passes full current in these bit cores and 
Switches them to 1. Other selected cores are 
left in the 0 state, For example, if a pattern 
of 1001 is to be recorded, then selected Y 
drivers of planes 0 and 3 are enabled to pass 
+In/2, while selected Y drivers for planes 
1,2 аге not enabled. This gives full current 
++ only to the selecicd cores in the planes 
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0 and 3, and therefore they are switched to 
l. The selected cores in planes 2 and 3 are 
leftin the old state (which is 0 due to the 
previous read cycle), The current waveforms 
for 24D memory cycle are shown in Fig. 9.10. 


Due to separate Y drivers for each plane, 
21D organisation does not require inhibit 
winding. Since one less wire is to be threaded 
small. cores could be used which give 
higher speed. Тһе cost of drive electronics 


гіз higher for a 210) memory than that for 3D 


organisation. In other respect, this organi- 
sation is similar to 3D organisation, 


9.5.6. Comparison of Memory Organi- 
sation 
In this section, we briefly summarise the 
various aspects of memory organisations. 
These are listed in table 9.1. 


TABLE 9.1 


Comparison of Memory Organisations 
———M аа Еа ре лен SE Qe E 


Sr. 

No. 

1. Current drivers N+K 

2, 
Current effect оп | Only selected 
other cores during | cores are 
read cycle affected 

3. Total number of 3 (can be easily 
wires through a reduced to 2) 
core 

4. Use Small systems 

5. | Sense amplifier Easy and less 

complex 


Organisation 


X+K .Y 


2/N +K dy d 
ET =2/N .K 


Half current is 
passed through 
Х--Ү--2 cores 


Same as 3D 


4 (could be reduced 
to 3) 


Large systems Large systems 


Half . select 
noise has to be 
eliminated 


core 
Sume as 3D 
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$6 SELECTION CIRCUITS USED IN 
PRACTICE 


The arrangements discussed in the earlier 
sections for the selections of X and Y drive 
windings are never used in practice, because 
itis still possible to reduce considerably the 
drive electronics. For example, in a 4K, 3D 
core memory we shall require 64 X and 64 Y 
drivers, The number of drivers required for 
this memory using the technique discussed in 
this section shall only be 32. This reduction is 
possible using diodes апд one further level of 
coincident selection on X and Y drive wires, 
We call this technique as *coincident—coinci- 
dent' selection. Тһе basic principles involved 
in this technique can best be illustrated 
through an example, We discuss thus a 3D 
memory with 256 locations. 


А 3D memory with 256 cores shall have 
16 X and 16 Y drive windings. Since the 
principles involved in X and Y selection are 
same, the present discussion is confined only 
to the X selection. Similar circuits аге to be 
used for Y selection. The X part of MAR 
(4 bits in the present case) is split into two 
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equal subparts each subpart is 2 bits in length. 
Let XMS and XLS be the most significant 
and least significant parts respectively in the 
address of the X line. The 16 X drive wires are 
arranged in four groups, each group baving 4 
wires, Let а group be selected by the XMS 
part and a wire within а group Бе selected by 
the XLS part, The selection circuit is shown 
in Fig. 9.11. In this circuit the selection of 
one of the 4 drivers is done by the XMS 
part, while the selection of one of the 4 
switches is done by XLS part. Consider for 
example the selection of the 149 wire (1110 
as binary address). This wire is selected by 
the driver Ds and switch SW; (Fig. 9.11). The 
driver Ds sends the required current which 
can flow through one of the wires in the 
column of Ds. But since only SW, switch is 
ON, the current flows through the wire 14. 
Diodes shown at the end of a wires prevent 
the current in the selected X wire from 
being diverted to other wires in the row. 
А switch used in Fig. 9,11 has three 
positions, N (sink negative current), Р 
(sink positive current) and 0 (open) 


--/--%-> X selection winding 
= core 
FIG.9-11 X-LINE SELECTION CIRCUIT 
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300^ 


oo o» 


3004 


(a)A current driver 
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(МА current switch “ 20У 


FIG.9-12 DRIVER/ SWITCH CIRCUITS 


When the driver drives positive current 
(positive output voltage at the driver output), 
the current flows to the ground through the 
diode D, (of the selected wire) and the 
selected switch (which finally sinks it), The 
diode D; of the selected wire prevents this 
current from reaching the other wires. Іп 
case of negative current the roles of diodes 
D; and D; are reversed. The flow of current 
for selection of wire 14 is marked in Fig. 
9.11. Typical circuits for drivers and switches 
are shown in Fig. 9.12 (a) and Fig. 9.12 (b) 
respectively. 


Го drive the positive current, а ‘0’ (TTL 
level) is applied to the terminal А Fig. 9.12 (a) 
while keeping the terminal B at 1 level. This 
causes the current flow іп the primary winding 
of the transformer. This in effect produces 
а positive base drive lor transistor О. The 


the transistor Q, turns ON and gives out the 
positive voltage at the output. The transistor 
Qs is kept OFF by 0% on the points С and Р. 
The negative current is sent by interchanging 
the roles of terminal pairs A, B and С, D, In 
the similar way the switch circuit works i.e., 
to sink the current of a given polarity, the 
appropriate transistor in the switch circuit is 
turned ON, 

Using the selection technique dis- 
cussed here, the number of drivers/switches 
required are considerably reduced. For a 
3D coincident—concident memory of N 
locations „the number of drivers/switches 
required for X and Y selection аге 4. Мі! 
instead of 2N!'! required in 3D memory of 
Fig 9.7. (Note that the switch and driver 
bas the same circuit complexity). 


EXERCISES 


l. How many cores shall be required to 
form a 4K x 8 memory. 

2. How many cores shall be there in a 
plane of a 4K x 8, 3D memory. 

3. How many bits are required to 
address 16K locations, 

4. For a 4K x 8, 24D. memory, how 
many rows and columns shall be there 
to form a core plane. ; 


5. Find the bits to be allocated to X and 
Ү parts of MAR for the memory 
in (4). 

6. In a 64х4, 3D core memory, the Хв 
wire (X select combination 101) of 
plane 2 (plane numbers 3 210) is 
broken. 

(a) Determine and explain the effect 
of this fault on read and write cycles 


by taking sample patterns. 
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(b) How many locations and bits (in 
the locations) are affected due to the 
fault, 


(c) Assuming that the memory stored 
a pattern of 1111 in all the locations, 
find the data read from various 


‘locations. 


(4) Execute the read cycle with 
101010 іп MAR. Put 0111 in MBR 
and execute the write cycle. Now 
execute the read cycle and give the 
contents of MBR. 


. You have a 64х8, 3D core memory. 


For each of the following failures 
(one at a time) in the system, give the 
complete behaviour of the memory, 
і.е, locations affected, bit affected, 
what is the effect, etc. 


(a) X wire number 4 has been broken 
(5) У wire number 2 has been broken 


10, 


TE 
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(c) driver number 6 cannot sent —ve 
half select current instead it sends 
--ve half select current. 


(d) MAR bit number І is stuck at 0 
(г) MBR bit number З is stuck at 0 


(f) Inhibit driver number З is faulty 
and it never sends any current. 
For each fault given in (7) find out 


what happens when the pattern 
11110000 is recorded in all the 
locations, (by executing read and 


write cycles). 
Repeat (8) with the pattern 00001111, 


Can you suggest а memory organisa- 
tion for the core memory, where drive 
wires will be sending +Im/3 current 
only, Assume that cores remain 
by 2/3 1m. 


Repeat (7) for a 256X8 210) memory. 


Об 
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SEMICONDUCTOR MEMORIES 


10.1, INTRODUCTION 


Since the early days of digital computers, 
ferrite cores have played an important role in 
the computer memory systems. However, with 
the advent of Large Scale Integrated (LSI) 
semiconductor technology, there is a signifi- 
cant impact on performance, cost, reliability 
and size of digital systems which use LSI 
technology, memory systems being no excep- 
tion to this development. 


The LSI technology is being increasingly 
used in complex digital systems like memories 
and Processors. In this chapter, we shall 
discuss memory devices manufactured using 
LSI semiconductor technology. The use of 
typical commercially available memory chips 
shall also be illustrated in designing the 
larger memory systems. 


10.2. TERMINOLOGY 


, In this section, we shall briefly discuss the 
important terminology and meanings of 
various frequently used terms іп connection 
with the semiconductor memory devices, 


Dynamic Devices 


, These aie the devices which need a perio- 
dic refresh, otherwise they lose the informa- 
tion, The term refresh means that we must 
put the information back in the device again 
and again at some specified minimum rate. 


The refreshing is required in dynamic devices, 
because the storage cells of these devices use 
capacitors for informatio . (voltage) storage. 
Usually these devices are designed such that, 
if we access (read) the information from а 
device, it gets refreshed automatically. The: 
in most cases, the refreshing involves reading 
the data at least once іп a given period of 
time (the time, after which,. the capacitors 
would have discharged below some minimum 
voltage). This time is usually > few milti- 
seconds (typically 1 ms). М 


Static Devices 

Static devices do not require refresh and 
they can retain information as long as power 
is ON, The static memory devices use flip- 
flops as basic storage cells and therefore 
there is no need of refreshing, These devices 
loose the information when the power supply 
is put off (flip-flops shall not function because 


there is no power). 


Volatile Memory 

A memory which loses its contents upon 
power OFF is called a volatile memory, wnile 
a memory which retains the information even 
when the power is turned off is called a nox. 
volatile memory. 

Semiconductor memories (except read 
only memories) are volatile, while соге 
memories are non-volatile. 


(16) 
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Rasdom Access Memories (RAMs) 


RAM is an array of storage cells organised 
such that any word (some fixed number of 
cells) сап be accessed directly by supplying 
the address and executing read/write 
operation. 


Bipolar and MOS Devices 


Bipolar devices are the devices which 
operate with the help of currents contributed 
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flip-lop. The flip-flop is formed by trae 
sistors Qı and Qy. The emitter grouad com 
nection required for flip-flop action is main 
tained by a logical 0 state of select line/ling. 


In Fig. 10.1. (а), X line constitutes the 
address line, which is usually (when the cell 
is not addressed) kept at a logical 0 state, 
This logical 0 provides a sink for current of 
an ON transistor. The cell flip-flop keeps 
the data till the address line goes to І state, 


by both the types of carriers (electrons and › дү thig time * (when address line has 1 state), а 


holes). 


The devices built using conventional 
transistors are bipolar, while those built 
using Metal Oxide Semiconductor (MOS) 
technology are not. The MOS devices have 
field effect transistors constructed using MOS 
technology. 


103. BIPOLAR RANDOM ACCES 
MEMORIES 


In this section, we shall discuss the basic 
storage cells and their organisations for 
bipolar RAMs. These cells are usually 
organised using either linear or coincident 
selection techniques. 


10.3.1. Storage cells 


Fig. 10. 1. shows the basic storage ceils 
for bipolar RAMs The storage cell shown 
in Fig. 10.1. (a) is used in the linear selection 
organisation, while that shown ia Fig. 10.1. (Б) 
is used in the coincident selection organisa- 
tion. In both the cases, а basic cell is made 
of DCTL (Direct Coupled Transistor Logic) 


B1 BO 


X select 


FIG.10-1 


new data could be written into the cell. The 
lines Ві, Bo аге read/write lines (bit lines) and 
their functions shall be discussed shortly. 


In Fig, 10.1 (b), the cell has two select 
lines X and Y, both of these select lines must 
be switched to.a.1 state to select the cell for” 
a read/write operation. It can be very easily 
seen that by switching only one of the lines 
(X,Y) to logical 1, the other emitter would 
be getting the ground potential (0 potential) 
and therefore the cell will not be selected. 


Read operation | 


To read the contents of the cell, all of ii 
select lines are switched to a logical 1 state 
This, thus, stops current flow of the O^. 
transistor into the address line/lines. Now 
this current flows through one of the bit lines 
Во or В; depending upon whether Оо or Qi" 
ON i.e., whether a 0 or І is stored. Тһе lines 
By and B; are fed to sense circuit which shall 
be discussed shortly. The sense circuit gives 
out the data from the cell. 


vselect 


X select 


(b) 
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Write operation 


The write operation on. the cell is carried 
out as follows. The cell is selected by making 
its select line/lines high (logical 1). If a 0 is 
to be recorded then lines Bg and B; are put tó 
logical 0 and 1 state respectively, This forces 
Q to the ON state and Q; to the OFF state, 
thus recording а 0. Similarly a 1 is recorded 
by making Во and B; logical І and 0 respec- 
tively. After a small delay, the select lines 
are Switched back to the O state and the cell 
is disabled, thus isolating it from further 
accesse. 


10.3.2. Linear selection organisation 


Linear selection bipolar RAMS are orga- 
nised as a plane of nxk cells, Each row 
corresponds to one location of k bits. All 
thecells in a row are selected by a common 
Tow-enable signal which corresponds to the 
decoded address of the location, Fig. 10.2. 


B1 Во 8, 


E 


A5 A4 АЗ A2 Ат AQ 
6 TO 64 DECODER 
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shows 64 X 4 linear selection memory organi- 
sation with read/write electronics, The X 
select lines of cells in а row are connected 
together and аге fed бу the decoder 
output correspondjng to the location, while 
Bo lines of cells in à column are connected to 
a common By line, Similarly В) lines are 
connected. Read circuit consists of sense 
amplifiers which are fed by B, and Bj (bit 
lines). The output of the inverter fed by By 
is taken as DO data ош, The sense amplifier 
on Во is required to sink the current when а 
cell storing а 0 is selected. If this is not 
included, then the cell will lose the data 
because, no sink will be available to the 
current from the emitter of the ON transistor. 
The write circuit consists of two tri-state 
drivers (ТО), ТО) and their enablejdisable 
logic. These tri-state drivers are enabled by 
the common line R/w (Read/Write). Drivers 
are enabled by а 0 single on R/W line, aod 


во 


ро; Diy DOS 010 


Ғю.Ю-2 64X4 BIPOLAR LINEAR SELECTION НАМ” 
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they pass the voltage from а DI (Data input) 
line to the lines В; and Be in the inverted and 
true form respectively. The address decoder 
and Data out tri-state drivers (TD) аге 
enabled by the Chip, Select (CS) signal. If 
the chip select signal is not active the chip 
is not selected and data out lines remain in 
the high impedance state. 
Reed operation 

Го carry out the read operation, the ТЕ 
liae is put in the read state (1.6., logical 1), 
which disables the lines By and B; from tri- 
state drivers ТО, and ТО, The emitter 
current flows through one of the lines Во and 

A2 
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B, depending on whether a 0 or 1 is stor d in 
the selected cell. This current is 
by one of the sense amplifiers and 
output of the selected cell is availabl 
line DO (Data Out). In Fig. 10.2, 
(one row) are selected and their ош 
available on data out lines DOs, D 
and DO». 


Write operation 

To carry out the write operati. 
addressed location is selected by the 
(one of the X lines corresponding 
location becomes active) and after a 
delay (few nanoseconds), the RIW | 


А1 


А0 


Ye3 


E 
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made 0 (i.e. ,active for the write operation), 
The data on the line DI is passed in the 
required form іо the lines В; and Bo through 
the tri-state drivers ТО, and TD, as shown іп 
Fig.10.2, As per our earlier discussion, the 
data shall be recorded in the selected cells 
(addressed location), Note that when CS 
line is 1 (inactive) all the cells are disabled 
from being selected. This happens because, 
the decoder is not enabled since CS line is not 
active, Also in some memory chips, the CS 
lines may or may not control the output data 
drivers, 


10.33. Coincident selection organisation 

To build a large -size memory using the 
linear selection organisation, large number of 
gates are required to build the address decoder 
(22 gates each with К inputs for a K—bit 
address). To avoid this, the memory cells 
аге organised to form a coincident selection 
organisation. In this memory organisation, 
9ne plane of the cells constitutes one bit of 
all the locations, Fig. 10.3 shows а bit plane 
of 4Ех 1 coincident selection memory with 
Storage cells of Бір. 10.1. (D), The input 
Address lines are-divided into two equal parts, 
Опе part addresses X select lines through the 
X decoder, while the other part addresses the 
Y select lines through the Y decoder. The 


Vad 


Bit line 
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cell at the intersection of the selected X and 
Y lines is selected, The other details are 
similar to that of the memory orgontsution 
discussed in Section 10.3.2, 


10.4. MOS RANDOM ACCESS MEMO- 
RIES 


MOS technology gives increased packaging 
densities and therefore more complex devices 
could be buiit using MOS technology, than 
that is possible with the bipolar technology, 
Іп. this section, we study the basic MOS 
storage cells and their organisations as a part 
of larger memory systems. 


In the MOS technoiogy, there are two 
types of basic storage cells viz., (i) static and 
(ii) dynamic. We shall discuss both these in 
this section. Dynamic MOS memories always 
use coincident selection organisation because 
this gives better refreshing efficiency (acces- 
sing one cellin a row refreshes the entire 
row). 

10.4.1. Static MOS RAMs 


Fig. 10.4 shows the circuit diagram of a 
static MOS RAM cell used in the coincident 
selection organisation, This cell uses а flip- 
flop formed by cross coupled MOS inverter 
(P MOS). When the cell is not selected, the X 


Bit line 
BT 


Source Drain 


] 


Gate 
MOS TRANSISTOR 


FIG.10-4 STATIC MOS RAM CELL 
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and Y lines are at ground potential. This 
potential оп X and Y select-lines turns the 
transistors Qr, Qs, Qe and Qs off (a P MOS 
transistor is turned ON by a negative potential 
on the gate). The OFF states of these transi- 
stors keep the flip-flop formed -by the transis- 
tors Ол, Qs, Qs and Q, (Qs and Q, act.as loads 
for Qı and Qs respectively) isolated from the 
address lines as well as from the bit lines Во 
and B;. This is true even if one of the address 
lines X and Y is at negative potential. 


Read Operation 

The cell is selected by giving a negative 
potential pulse to both the X and Y select 
lines. Suppose that the cell is. storing a 1, 
i.e., transistor Qs is ON and transistor Q; is 
OFF, Since the line X is negative, the transis- 
tor От will conduct and take the drain termi- 
mal of the transistor Qs to the potential on 
its source terminal (і.е, ground since the 
transistor Qs із ON). Moreover since Y is 
also negative, it will cause transistor Qs to 
conduct and the line B, will experience a 
current because the source terminal of the 
transistor Ов is at ground potential. On the 
other side of the cell, transistor Qu, Оӊ апа Qs 
аге OFF, and therefore the line Во will not 
experience a current. The current flow in thé 
line Во or В; indicates (һе contents of the cell 
as 0 ог І respectively. The currents in lines 
Во and B, аге sensed by the read circuit and 


Vad 


Bit line 
BO 


DIGITAL COMPUTER DESIGN PRINCIPLES 


corresponaing logical value (0 ог 1) is pre- 
sented to the output. Similar actions take 
place on {һе other side of the cell if it stored 
a 0. 


Write operation 


The write operation on a cell is carried out 
as follows, The cell is selected by giving the 
negative potential pulse on X and Y select 
lines, This gives a path for ore of the write 
voltages on the bit lines to reach the drain 
terminal. of one of the transistors Q; and Qs. 
For example, if we want to record a І (і,е,, Оз 
ON and Q; OFF), the bit lines Bı and Во are 
switched to ground and negative potential, 
Since the transistors Q; and Оз are ON (due 
to negative voltage on their gates), the grcund 
potential of the line B, reaches the drain 
terminal of Qs, and flip-flop is switched to 1 
state irrespective of its earlier state, thus 
recording а 1. Similar actions take place оп 
the other side of the cell when a 0 is to be 
recorded, 


Fig, 10.5 shows a static memory cell used 
in the linear selection organisation. This cell 
із less complex (it has 2 transistors less) than 
the coincident selection memory cell. 1t has 
only one select line which is pulsed to the 
negative potential for the selection of the cell. 
The cell functions in exactly the same manner 
as that shown in Fig. 10,4. 


Bit line 


Word select line 


FIG.10-5 STATIC MOS RAM CELL 
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6 bits (У Part ) of Address 


6 bits(X Part) of Address 
6 TO 64 DECODER 


6 1064 DECODER 


FiG.10-6 4KX1 DYNAMIC MOS RAM 


10.4.2. Dynamic RAMs 


Eu MOS memory devices can be 
яй with higher storage cells рег mm? of the 
dn area compared to the static MOS 
A mory devices. This is possible due to the 
implified structure of a, dynamic memory 
^! The storage element used in the dynamic 
Fig nu cell is the parasitic capacitance. 
КК бот а MK ау ME 
Fation fei the coincident selection organi- 
CHAR е shall briefly discuss this organisa- 
| Поп to illustrate the basic principles involved 


Ms асс y 
mm. Storage, access and refresh of the dynamic 
Memories. x 


In Fig, 10.6, address lines Xo, Xy... Ха 
select one of the 64 rows of the cells. During 
an actess to the memory, а full row takes 
part in the operation. It is one of the select 
lines. Yo, Y2...Yes that finally selects the 
desired. cell from the selected row, thus 
addressing a required cell uniquely. The X 
select signals are tri-state aud vary from zero 
to mid-negative and most negative values, 


The transistors Оз, Оз and Qs forms the 
storage cell. Each column has 64 cells and 
at the bottom of the column, there is а 
column amplifier and other circuit composed 
of transistors Qs, Qs, Qe and Qr. Normally 
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the transistors Qs and Qy аге kept conducting 
by a negative potential (for P MOS) on the 
control lines PCH (precharge) and RVG. 
This keeps the READ and WRITE lines at a 
voltage slightly less than Уш. During ап 
access to the memory the potential on the 
PCH and RVG lines is removed. This makes 
the transistors Qs and Q, OFF, and thus 
READ and WRITE lines are disconnected 
from the Уга supply, At this time the selected 
X line is at mid-negative potential. 


Assume that the capacitor C of the selec- 
ted cellis storing a negative electric charge 
(storing a logica: 1). This negative voltage 
is enough to turn ON the transistor Q;. Also 
the negative voltage on the X select line turns 
ON the transistor Qs. The transistor Qs 
cannot conduct because its gate potential is 
not negative enough due to the charge оп the 
capacitance C, Since the transistors Q; and 
Qs are ОМ, the READ line discharges to the 
ground'potential (- Vg; connection to the READ 
and WRITE lines was already broken due 
to the OFF states of Qs and Оу respectively). 
On the other hand, assume that the capacitor 
C bas no charge (storing a 0). This will keep 
Q OFF and therefore READ line will not be 
discharged to the ground potential. As can 
be seen from the above discussion the state 
of the READ line at this time gives the com- 
plemented state of the data bit stored in the 
сей. Note the actions just discussed take 
place for all the columns. The state of READ 
line is transferred through the column ampli- 
fler to the WRITE line as follows, 


When the cell stores a 0 (£.e,, READ line 
із not discharged), the transistors Q, and 0 
conduct due to negative potentials on READ 
asd YEN (YEN is made negative) lines. This 
will discharge the WRITE line to the ground 
potential through the conducting transistors 
Q, and Qs, On the other hand, if the READ 
lime i$ at ground potential (a 1 in the cell), 
the transistors Q, cannot conduct and WRITE 
lise remains charged, It can be thus 
observed tbat the WRITE line is at comple- 
mentary state to thatof theREAD line. The stare 
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of one of the sixty four WRITE lines is read 
on to the DATA line by the enable signal on 
the required Y select line. At this time the 


selected X line goes back to the third state, | 


providing more negative voltage on the gate 
terminal of the transistor Оз and thus allows 
it to conduct irrespective of the voltage on 
the storage capacitor. This causes the transfor 
of voltage of WRITE line to the саравйог 
line, thus refreshing the cell automatically. 


To put the external data bit into the 
required cell, the potential on the DATA line 
is transferred to the required WRITE line 
through the column transistor, made ON by 
the active state (high potential) of the 
selected У line. The data on the selected 
WRITE line is transferred to the storage 
capacitor of the selected cell during the third 
high state (most negative state) of the X select 
line as discussed earlier. 


Refreshing of Dynamic Memories 


From the previous discussion it is to be 
noted that all the cells in the selected 
row take part in the read operation and theif 
contents are read on READ and WRITE lines 
in the complemented and true forms respec- 
tively Further, the data on WRITE lines is 
written afresh into the selected cells. (selected 
row of cells) and therefore all these cells are 
refreshed. Thus whenever a read operation 
is performed on any cell in a row, the cells 
in the entire row are refreshed, Therefore 
refresh cycles of the dynamic memories thus 
involve selection of X lines one after another 
for read operation. A  refresher circuit 


therefore could be built which carries out the ў! 
read cycles on rows atsome specified rate. | 
Whenever a refresh cycle is being carried | 
out by the refresher, memory should not be | 


allowed the access by any other device. 


A4kx 1 дупатіс RAM arranged as à | 
64 x 64 cells would require 64 read cycles to | 
refresh the entire 4k cells. Assuming a cycle | 
time of 500 nanoseconds (which is typical of 3 
these memories) and the refresh rate of 1 mil- Ж 
lisecond (typical), the total time for which the fo 
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memory is unaccessible due to refresh is 64 x 
500 nanoseconds, i.e., 32 microseconds. This 
works out to be 322%. The percentage for 
the eurrently available largest dynamic RAM 
(64k х 1) is only 12:89, These percentages 
being negligible, the dynamic RAMs provide 
the most economical large size main memories 
for the digital computers, 


105. READ ONLY MEMORIES 


Read Only Memories (ROMs! store data 
of a permanent nature and we can operate 
these memories in the read mode only. ROMs 
are used in а number of applications in 
digital systems. In CRT displays ROMs are 
used to store the dot patterns of alphanumeric 
characters. In digital computers ROMs аге 
used to store permanent data or programme. 
Also a number of useful combinational logic 
functions can be implemented by storing 
their truth tables in ROMs. Here, a location 
of ROM storing a value of the switching 
function is accessed using the combination of 
input variables of the switching function as 
the address. 


ROMs are available in both bipolar as well 
as MOS families. The MOS ROMs аге 
available as high capacity, low cost and slow 
speed devices, Оп the other hand, the bi- 
polar ROMs are available as comparatively 
small capacity, high cost but high speed 
devices, The typical speed (access time) 
ratio between bipolar and MOS ROMS is ten. 


git line 


Усе 


(а) Cell storing 2,1”, 


The ROMs are fabricated such that the 
required data is written (programmed) when 
they are manufactured. The field programm- 
able ROMs (PROMs), аге also commercially 
available and they can be programmed by 
users аў per their requirements, 


10.5.1. Bipolar Read Only Memories 


Typical bipolar ROM cell is shown in 
Fig. 10.7. It consists ofa transistor whose 
base is driven by the select line, The emitter 
of the transistor із connected to the bit line 
only if the cell storesa 1, otherwise it is not 
connected. When the select line is made 
active (high), the transistor conducts and gives 
out a high (logical 1) voltage on the emitter. 
If the emitter is connected to the bit line, its 
voltage reaches the bit line giving out the 
high potential (logical 1) on the bit line. 


These ROM cells could be organised as 
shown in Fig. 10.8 to form a 16 x 4 bit ROM. 
In this ROM, each row has four transistors 
(for 4-bit word). The base terminals of these 
transistors are driven by a common word 
select line. The row of the cells is enabled 
by a high potential on the selected word line 
(other word lines have low potential) and 
therefore the emitter base junctions of the 
transistor in the selected row are forward 
biased, thus causing the data of the selected 
location to appear on the bit . lines. The 
table 10.1 gives the data stored by the ROM 


of Fig. 10.8. 


Усс Bit line 


Select line 


(b) Cell storing а 0” 


ғю.10:7 BIPOLAR ROM CELLS 
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B2 в Во 


NOTE :- Collectors of all transistors connected to Үсс 
FIG.10-8 16X4 BIPOLAR ROM 


TABLE 10.1, ROM Data 


The lines Xo, X, ... Х are driven by the 
4 to 16 decoder (not shown) which decodes 
the 4-bit address, 


From the Fig. 10.8, it can be noted that 
all the four transistors in a row have their 
collectors connected to a common supply line 


Vo. Similarly all the base terminals are 
connected to the common X select line. 
Because of this, the functions of all the 
transistors in a row can be carried out bya 
single multi-emitter transistor. The number of 
emitters thus shall be equal to the number of 
bits in the word. Fig. 10,9. (a) shows a 
4-emitter transistor carrying out the functions 
of the row X; of transistors of Fig, 10.8. In 
programmable ROMs (PROMs), the emitter 
to bit line connection is made of a nickel 
chromium fuse which can be burnt Бу 
applying the programming pulse to the bit 
line after selecting the required word. To 
illustrate the PROM burning (programming) 
Principles, consider the circuit shown in Fig. 
10.9. In this circuit when the transistor 
is selected, its base has a logic 1 (high) 
Voltage, А programming pulse of 8 volts is | 
applied to the required bit line (the bit of the 
selected location where the fuse has to be 
blown). This voltage pulse causes the reverse 
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Word select 
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‘FIG, 10.9 (а) А MULTI- EMITTER TRANSISTOR STORING 1101 PATTERN 


Circuit illustrating selective 
burning of PROM fuses 


616.10-9 BIPOLAR PROM INTERNAL CIRCUIT 


breaks down of the diode shown in the circuit 
and the transistor Q, turns ON, thus effec- 
tively grounding one side of the fuse, The 
Veo ofthe entire circuit is raised to 12 volts 
at the same time. If the cell is selected 
(select line high), the fuse will carry sufficient 
current and get burnt. 


Suppose bipolar PROM initially stores all 
0s, To program a І їп the required bits, the 
programming procedure specified by the 
manufacturer has to be followd. The circuit 
actions discussed here about the PROM 
programming are typical and there could be 
variations depending on the manufacturers. 
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Bit line 


Select line 
——4 


(а) Cell storing а 1? 


Bit line 


Select line E Select line _ 4 


(b) Cell storing a 0 
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Bit line 


hs 52 


(c) Cell storing а 0 


FIG.10-10 MOS ROM CELLS 


Data out 


FIG. 10-11 4KX1 MOS ROM 


10.5.2. MOS read only memories 


Typical MOS ROM cells are shown in 
Fig. 10.10. In Fig. 10.10. (a) the cell storing 
a]hasits gate connected to the select line, 
while in Fig. 10,10. (b), the gate is not con- 
nected and thus the cell stores a 0. Other 
arrangement to store a 0 is shown in Fig. 
10.10 (c) During the read operation the 
cell is selected which causes the bit line to 
experience a current or no current depending 
on the contents of the selected cell. 


These cells can be organised as shown іп 
Fig. 10.11. to form a coincident selection 
memory, The bit line of the selected column 
carries a high potential due to the ON state 
of one of the transistors Qo, 01... Оз. Since 
this potential is available through: the resis- 
tance R, any ON -transistor (only selected 
transistor can be ON) in the column can 
reduce the bit line potential to ground and 
consequently data line goes to the ground 
potential, and the data from the selected 
cell is read out. 


| 
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It may be noted that only the selected cell 
transistor in the column if ON can reduce the 
bit line potential to ground potential and 
consequently data line goes to the ground 
potential, If the selected transistor із OFF, 
the data line carries the high potential. In 
this way the cell selection and data read 
operations are performed. 
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10.0. THE EXAMPLES OF MEMORY 
CHIPS 


In this section, а few commercially avai- 
lable semiconductor memory devices and 
their usage in the design of memory systems 
are discussed. 


106.1. The 8111 static MOS ram 
The 8111 is a 1024-bit static MOS random 


ey” 
Addfess bus 


(Active 0) 


Data bus 
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uccess memory fabricated using М channel 
MOS technology. it is organised in 256 words 
each word having 4 bits. [t has à. maximum 
access time of 450 nanosecouds. Allof its 
input-output pins are TTL compatible and 
it operates with only one --5 volt power 
supply. Тһе pin diagram and the logic 
9f the chip could be understood rrom Fig. 
10.12, which shows the use of these chips, 


Functional Pin Description 


The pins marked Ao, A; ... Ат provide the 
address of a 4-bit word to beaccessed, The 
СР, and СЕ; are chip select lines and both 
of them must be made active (і.е., logical 0) 
to select the chip for read or write operation. 
Тһе R/W (READ/WRITE) line is normally 
in the logical i state indicating the read 
operation. It is made 0 only when the data 
isto be recorded in the memory. Тһе data 
from the memory is available on the 1/0 
pins ЏО}, 1/Ов, 1/Од and I/O, only if the tine 
OD is made 0. Otherwise (OD=1) even if-the 
chip is selected and the R/W line is 1, the 
ПО pins do not carry the data, instead they 
remain in the high impedance state. The 
high impedance states of I/O pins make it 
possible to tie these pins to the similar pins 
of other devices, 


1Kx8 Memory Design Using 8111 Chips 


Fig. 10.12 shows a design of 1 Кх8 
memory system using these chips. In rig. 
10.12, we use 2 chips іп a row to form 256 x8 
words of memory. Four such rows forms 
memory of а 1 Кх8 size. The І Кх8 
memory requires а 10 bit address. The eight 
least significant address lines (Ao, Ai „. Аз) 
of the 10-bit address are connected to the 
eight address lines of all the 8111 chips, 
While the two most significant address lines 
Аз апа Ag are connected to the chip select 
terminals of 4 rows in true/complemented 
form as shown in Fig. 10.12. "These two lines 
decides the selection of a row. Тһе external 
READ and WRITE control lines signal the 
memory for read and write operations res- 
pectively. READ line is connected to OD. 
pins of chips while WRITE line is connected 


А 
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to K/W pins of chips. The address and data ` 
lines usually are connected to the system 
address and data bases. Chip enable СЕ, 
(not shown) can be used for extension. 


10.6.2. The 2114 Static RAM 


The 2114 is a 1024x4-bit static MOS 
random access memory fabricated using 
N-channel MOS technology. It is available 
in various models with maximum access 
times varying from 200 to 450 nanoseconds. 
It has all pins TTL. compatible and have 
common data input and output lines. These 
lines have tri-state capability and thus 
could be used easily in the bus confi 
gurations where data lines of a number 
devices could be tied together. The logic 
symbol with pin configuration of the 2114 IC | 
package is shown in Fig. 10.13. 


Functional Pin Description 


The lines Ao, Ау... Ag provides the 10-bit 
address of a 4-bit word to be accessed. The 
CS line when 1 disables the chip being 
accessed. The line WE (Write Enable) when - 
0 indicates the write operation, The CS and 
WE lines are normally (when no access i$ 
required to the memory chip) at І state 
Data is recorded in the memory by establi- 
shing first the desired 10-bit address on the 
address lines. After this the WE line is made 
active i.e., 0 and then CS line is made active | 
(logic 0). All the lines (including the address 
lines) are kept at fixed level for some time 
(specified by the manufacturer). This will 
cause the data on the I/O lines to be record 
іп the desired location. After this time, the | 
CS and WR lines should be made high. To 
read a location, the address is established 00 
the address lines and the CS line is made 0 
(WE should be at 1). 


The use of these chip іп the larger system | 
is left to the reader as àn exercise. 


10.63. The 2116 Dynamic RAM 


The 2116 is 16 Kx 1 dynamic RAM provi | 
ding а very inexpensive memory for d | 
systems. It is available in а 16 pin P 


with all the pins TTL compatible. It requi! 
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three power supplies +12 V, 4-5 V and 
—5 V for its operation. Since it is a dynamic 
RAM, it requires refreshing every 2 milli- 
seconds. The functional pin diagram and 
logic symbol are shown in Fig 10.13, 


The 2116 RAM has only 7 address lines. 
The external 14-bit address is to be given to 
2116 in two steps through a 2 to І multi- 
plexor (7 line in each group). Тһе RAM is 
arranged as an array of 128 rows and 128 
columns of dynamic storage cells. The RAS 
signal is active low and latches the T-bit 
address into the ROW register of device. 
Similarly the CAS (active low) signal latches 
the other 7-bits of address given on the 
address lines Ao, Аз, ... Ағ in the column 
register of the device. These two registers in 
the device together provide a 14-bit address. 
The WE (Write Enable) signal when active 
(logical 0) executes a write cycle for the 
memory and data is recorded in the addressed 
location of the memory, 


Since the memory uses dynamic storage 
cells, it needs periodic refresh at every 2 
milliseconds. The refreshing can be achieved 
by read cycles carried on the rows addressed 
by Ao through Аг. Other refreshing modes 
are also possible and may be found in the 
product data sheets, 


10.6.4. The 2716 EPROM 


The 2716 is ultra-violet erasable and 
electrically programmable read only memory, 
It operates with a single 5 V supply. It has 
a 16K-bit storage cells arranged as 2K 8-bit 
words. It has a maximum access time of 
450 nanoseconds. The functional pin diagram 
and logic symbol of this memory device 
are shown in Fig. 10.13. The lines Ao, 
А1...А1 are the 11 address lines required to 
address one of the 2048 locations. The data 
from the addressed location is available on 
the 8 data-out lines Ор, Оз,...От. There is 
single chip select signal to select the chip for 
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operation, The pins marked Уур and PD) 
PGM are used to program (burn) the 
memory. When the chip із not selected 
(CS —1), the output lines аге tri-stated (high 
impedance) and thus, this device could be 
used easily for the data transfer through & 
common bus which can be used by other 
devices, 

The line PD/PGM when at logical 1 causes 
the chip to be in the power down mode. In this 
mode the chip takes only 25% of the normal | 
power (normal power is 525 mW) require | 
ments. j 


Programming of the 2716 Eprom 


Initially and after each erasure (і.е., ех 
poser to the ultra-violet light) all bits of the 
PROM goto the 1 state. The required data | 
is introduced by selectively programming Os 
into the desired locations. The chip canbe | 
put into the programming mode by connecte] 
ing 25 Volts to the pin V5, and applying 47) 
logical 1 voltage to the CS line. The data | 
to be programmed is applied 8 bits in parallel 
to the data-output pins Op, О;...От. The 
levels required for data and address inpuls | 
are at TTL level. When the address and dala” 
lines are stable, a 50 millisecond, active | 
high (TTL) programming pulse is applied 07 
the PD/PGM pin. In this way one location ge | 
programmed. To program another location 
we put the required address and data On the 
corresponding pins and apply again ӘХ 
programming pulse. The locations can 28) 
programmed in any order. After the program 
ming is complete, the Уур line must 25 
connected back to the 4-5 V supply. N 
that if a PROM is already containing ад M 
some bit, then al cannot be programmed ii 
that bit by the programming procedure just 
discussed. To carry out this the entit 
memory has to be erased by sufficient еХхр0 3 
to the ultra-violet light, and then feP 
grammed. | 
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EXERCISES 


Is it possible to arrange the bipolar 
ROM cells (Fig. 10.9) to form a 64x 
4 bits coincident selection ROM. If 
yes,then work out the design sche- 
matic 

Using 8111 chips work out the design 
of 4K x 8 random access memory. 
Repeat (2) for ! K x 16, 

Using the 2116 dynamic RAM chips 
discussed, design a 64K x 8 RAM. 


From any book (from the list of refe- 
rences given) dealing with MOS 
transistor circuits, study the working 
and the use of МО transistors in 
digital circuits. 


Design the refresher logic for the 
memory designed in (4), Give the 
compiete logic schematic of the 
memory along with the refresher. 


Can you think of a simpler dynamic 
RAM cell (cell with fewer transistors 
than that used in the cell of Fig. 10.6). 
If yes, work out the circuit details of 
the cell and show how these cells 


9, 


10. 


16! 


could be used in the linear and coinci- 
dent selection organisations forming 
larger memory systems. 

Using the linear selection bipolar 
RAM cells of Fig, 10.1 work out the 
organisation of these cells to form a 
64 x 1 coincident selection RAM. 


In a coincident selection bipolar 
RAM of 64 x 4 capacity, the X 
decoder number 3 (X line number 3) 
is faulty and airways remains at 0, 
Analyse and bring out the effects of 
this fault on read/write operations. 

A 64 x 4 bipolar RAM has a stuck at 
0 fault on the some address line 
(MAR bit). By reading and writing 
various data patterns (you have to 
choose them), indicate how you wiil 
detect and locate this fault. 

Repeat (10) for the faults on : 

(a) decoders 

(b) memory cells 

Compare core, MOS static, MOS 
dynamic and Bipolar RAMs on any 
four counts. 
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11.1. INTRODUCTION 


А digital computer executes а program 
composed of a series of machine language 
instructions resident in the main memory. 
These instructions and data are coded as 
binary numbers. The machine language and 
its execution speed, and various other 
facilities available within the machine, deter- 
mine the computing power of a CPU and the 
computer. The architecture of a machine is 
its appearance to the machine (assembly) 
language programmer, і.е., what kind of 
facilities can be coded in the machine 
language, how many registers are available, 
how data is processed and what facilities are 
available to carry out the data transfer 
between I/O devices and the main memory, 


11.2, CPU AND ITS FUNCTIONS 


A CPU executes the machine language 
program composed of a sequence of instruc- 
tions. It executes instructions one by one, 
To understand how a CPU executes an 
instruction, consider the simplest form of 
the instruction coding shown as follows : 


Field 1 Field 2 
Г | тай 
Operation Code Operand | 


(Opcode) 


Address 


+—____. 


11 


An instruction in the above format, hii 
two parts (fields). In the first field, the 
operation to be performed is coded (бу: 
number), while the second field gives the 
address (another number) of the mal 
memory location, where the operand taking 
part in the operation resides. The CPU ре 
forms the following actions to execute a 
instruction : 


(a) It reads the instruction from а шай 
memory location (indicated by sont 
pointer) into the CPU, and ішсе 
ments the (instruction addres) 
pointer. 

(b) It decodes the instruction i.e., finds 0 

what is to be done. | 

It gets the operands if required (Ш 

will depend on the opcode) from m 

memory. 

(d) It performs the operation indicat 
by the operation code. 


(c) 


To carry out the above steps, one coil 
easily think of the components CPU sho 
have, We list them below : 

(a) A register to hold the address oft 
next instruction. This тев 
called Program Computer (PC 
Instruction Address Register (1 
This register is incremented 9" 
time an instruction is fetched. 
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(b) One register to hold the current 
instruction. This register is called the 
Instruction Register (IR). 


(c) One or more registers to hold the 
operands and the result of the 
operation. А register which is used 
to hold an operand and also the result 
of the operation is called (һе 
Accumulator. (AC) Many instructions 
implicitely treat the contents of this 
register as one of the operands. 


An instruction decoder to decode the 
operation code of ап instruction 
present in the IR, A functional unit 
ie., the arithmetic logic unit (ALU) 
to carry out the operation, 


(а) 


(f) 


A sequencer to carry out the proper 
sequencing of steps required to 
execute an instruction, 

11.3. INSTRUCTION FORMATS 


Each machine instruction specifies а 
particular operation to be performed by the 


OPCODE 


(а) O- address format 


OPCODE | ADDRESS 1 


(b) 1-Address format 
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CPU. The simplest coding of an instruction 
may be as discussed in Section 11.2. This 
format is called single address format. Other 
instruction formats are also possible and 
some of them аге shown in Fig. 11.1, 


Some machines may bave the instructions 
with fixed length (І.е., number of bits) while 
others may have variable length instructions. 
Moreover instructions may be of shorter, 
same or longer lengths than the word length 
of a machine, The number of bits in an 
instruction format is usually chosen as un 
integral multiple of the smallest addressibie 
unit of the information in the main memory, 


Consider a machine having s+k bits long 
single address instructions, where s=number 
of bits in the opcode field and k=number of 
bits in the operand address field. Such a 
format allows 2" different operation codes and 
25 locations of the addressible memory. Alter- 
natively an 5--К bit instruction word could be 
broken into s—1 bit opcode and k+1 bit 
operand address field, This will give half 


OPCODE | ADDRESS 2 | ADDRESS1 


(c) 2-Address format 


ОРСОбЕ | ADDRESS3 | ADDRESS 2-| ADDRESS | 


(4) 3-address format 


FIG 11-1 INSTRUCTION FORMATS 
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the number of instructions but twice as much 
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memory addressible. Some computers use a — 6-bit Opcode 


different kind of trade-off tetween the 
addiess and opcode bits. This trade-off leads 
to the new scheme called expanding opcode 
instruction formats which і» discussed in the 111 
following paragraphs. The concent of ап 

expanding opcode format conld be best 11! 
explained through an example. 111 


Consider a machine which has a 12-bit, 
3-address instruction format with а 3-bit 111 
operation code and 3 bits in each of the 111 
address fields, One design would 5e to have 
8 instructions, each with 3-addresses. Suppose 
we want only 7 instructions with a 3-address 
format, then one opcode combination, say 
111, could be used to have more instructions 
with 2-addresses (say address 1 «nd address 
2). The bits of an unused address fie: could 


Address 2 | Address 1 


6 instructions 


with 2 addresses 


be used along with the 111 combination of 9-bit Opcode 


the opcode bits to “отта a larger size opcode. 


Лг НЫ 
Address 1 


In this way we shall have 8 additional 
instructions with two addresses, Again, if кы 
the designer wants only say 6 double address ЕЗІ 
instructions then, the tv;; unused combina- 
tions of bits 8, 7 and 6 (Table 11.1) couldbe 111 
used along with address 2 field bits to form 16 
instructions with single address. Further if ERI 
only 15 single address instructions are requir- 111 
ed, one can code 8 more instructions with zero 
address. 15121 


ТАВІЕ 11.1 1171 
Expanding Opcode Formet 
1110539 28:578 бура ameta 


Opcode 


3-bit 


Address 3 | Address 2 | Address 1 ш 
Opcode 


7 instructions with 


3— addresses 


110 
110 
110 
110 
110 
110 
110 


15 instructions 


with one address 
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ЕЕ... 


12-bit Opcode 


1 111 111 000 
111 111 111 901 
12171 111 іса 010 
ILI 111 111 011 
111 Ll ГІШ 100 
EIL 1171 1211 101 
111 Lit 111 110 
111 114 1 111 


8 instructions with no address field. 


This thus gives us a total of 7+6+15+ 
8--36 instructions. 


The scheme discussed is summarised in 
Table 11.1. 


The expanding opcode formats аге 
Popular and are used in а number of 
machines small and big. Popular computers 
Which use expanding opcodes are PDP 11 and 
HP 2100 series of minicomputers manu- 
factured by Digital Equipment Corporation 
(DEC) and Hewlett Packard respectively, and 
Cyber 70, a large scale scientific machine 
ed by Control Data Corporation 


114. ADDRESSING MODES 


Ens address field in the instruction format 
ith е machine about the operand. The bits 
of 23 operand field could be used in a number 
eri giving rise to the various addressing 
жаш Тһе design of addrcssing mechanisms 
bod utes the major architectural design of 
Мак In this section, we shall discuss 
^ us addressing techniques which аге 
mmonly used in various computers. 


11.41. Direct Addressing 
This is the simplest and conventional 
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addressing technique. Itis available in some 
form or other on almost all the computers. 
In the direct addressing, a number contained 
in the address field gives directly an address 
ofthe memory location, For example, the 
following instruction refzrs to the operand іп 
location 200. 


| Opcode | 200 


11.4.2. Indirect Addressing 


In indirect addressing, the address field 
specifies the memory location which contains, 
not the operand but the acdress of the operand 
i.e., the contents of the location specified by 
the address field are obtained and is treated 
as the address of the location and the data 
from this new location is accessed, In some 
machines, further indirection is available, 
le. address obtained from the memory 
location may specify further indirection. 
(One bit, say most significant bit, may be 
coded as 1 for further indirection). We shall 
illustrate indirect addressing by the following 
examples. 


Consider the instruction shown in 
Fig. 11.2 (а). This instruction refers to the 
location 4000 indirectly through the location 
500, The data referred by this instruction is 
6532 (contents of location 4000). Another 
instruction shown in Fig. 112 (b) refers to 
the location 3000 indirectly through locations 
5000 and 200. In this case the contents of 
the location 5000 specifies one more level of 
indirection, thus giving 3000 as an address. 
The memory references and final data 
accessed by these instructions are shown in 
Fig. 11.2. (D : Direct, 1: Indirect). 

Indirect addressing is useful in many 
ways. For example, We could use indirect 
addressing as follows to access the data in a 
table sequentially by having ОП? level of 
indirect addressing. 

A pointer to the starung address of the 
table is kept in some location say X. The 
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Data reterred е 6532 
(а) 


Data reterred s 1235 
(ы) 
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FIG 11-2 ILLUSTRATION OF INDIRECT 
ADDRESSING 


elements of the table are accessed by referring 
to the location X indirectly (X is incremented 
after every reference) as illustrated in the 
following program schematic. 


ADD 200, I 
INC 200 
JMP 500 

Another use of indirect addressing is that 
we can address larger memory with a small 
number of bits in the operand address field, 
For example, consider a machine with 16-bit 
word length, and instruction word of 16-bit 
with 10 bits for operand address field. Using 
direct addressing we can address ІК (IK= 
1024) memory locations, If the same operand 
address field has 1 Ly for indicating direct/ 
indirect addressing, and 9 bits for direct 
address, we can address 512 locations 
directly, but any 512 locations from 216 64K 
locations indirectly through the pointers 
(addresses) stored in the locations 0 to 511. 


11.4.3. Register Addressing 
The address field in this type of address- 


500 


ing specifies the address of a register which 
contains an operand. Register addressing 15 
available on machines having a number of 
registers. Since registers are local to CPU 
and are made of very fast memory devices, the 
execution speeds of instructions operating on 
data in registers are high. 


1144. Register Indirect Addressing 


Unlike the register addressing in register 
indirect addressing, the addressed register 
does not contain the data, instead it contains 
the address of the memory location holding 
the operand. Since there are few register 
(at most say 16), length of the address field is 
small but main memory addressing space is 
large depending upon the length of the 
registers, The Intel 8080/8085 based micro- 
computers have large number of instuctions 
which use register indirect addressing. 


11.4.5. Index Addressing 


In index addressing, the address field of 
an operand has two subfields. One subfield 
specifies one of the registers, while the other 
subfield specifies the displacement. These 
registers are called index registers. The 


Mu 
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operand address is calculated by adding 
the contents of the specified index register 
to the number coded in the displacement 
field, 


Index addressing is very useful and is 
found on many computers, It is useful in 
accessing tables and matrix elements. Also 
alarger memory could be addressed with an 
operand field having considerably smaller 
number of bits. Of course, this depends upon 
the length (number of bits) of registers. 


114,6. Base Addressing 


The computation of operand address in 
base addressing is exactly the same as that in 
index addressing. In base addressing, one 
operand address subfield specifies, à register 
called base register, while the other subfield 
gives the displacement. Although the operand 
address calculation is same as that in the 
index addressing, the purpose for which base 
addressing is provided is different. 


Base addressing is helpful in program 
relocation, і.е., a program code can be moved 
in memory from one area to another and can 
be successfully executed. For example, con- 
Эн а program schematic shown in Fig. 11.3. 
M the contents of the register B be 1000. 

n instruction JUMP В, 500 transfers the 
Program control to the location given by the 
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sum of the number in B register and the 
displacement 500, i.e., to the location 1500. 


Now suppose, we moved the program with 
its starting point at the location 2000. When 
the program is executed in this new area, the 
JUMP B, 500 instruction should transfer 
control to the location 2500, and that is what 
precisely happens, if the base register B is 
loaded with a number 2000. It can be 
observed that a program with a length (core 
locations) less than or equal to 2*, (k= 
number of bits in the displacement field) can 
be relocated with one base register, and every 
28 size block of program would require one 
additional base register. 


11.4.7. Stack Addressing 


Ап instruction referring to the operands 
in a stack does not have any address field. 
Instead, the opcode itself decides that the 
operands for the instruction reside in a stack. 
A stack consists of data items stored in 
consecutive locations in the memory (may be 
main memory or а bank of registers), 
Associated with the stack is a pointet 
(address register) called Stack Pointer (SP). 
The stack pointer always points to the most 
recent (last) entry in the stack /.e,, top of the 
stack as shown in Fig. 11.4. Whenever а new 
item (data) is to be put in the stack, the stack 


Top of 
stack 


1000 onwards entry 
1500 (Base value in register 
2000 B= 1000) 
Same program ment 
loaded from location 


в:2000) 


2000 onwards 
(Base vatue in register 


FIG. 11:4 STACK 


FIG 14.3 ILLUSTRATION OF BASE ADDRESSING 
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pointer (SP) is incrementea oy опе ard data 
is stored in the location indicated by the 
‚аск pointer. This operation is usua'!y 
called as PUSH operation. On the other hand 
when a daia item is removed from stack, the 
SP is decremented by one. This is called а 
POP operation. With these operations the 


stack acts as а Last In First Out (LIFO) 
device, 


Location 


Program 


Control back 
Program 
100 


CALL 200 
(556 д 


PC during the 
execution of -ali 


PCafter the call 
] PC= 200 


PC after return 
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Stacks are useful in а number of applica- 
tions. The most important of these are the 
implementation of subroutine jumps and 
evaluation of arithmetic expressions. 


Use of Stacks in Subroutines 


А subroutine (subprogram) is a program 
written to carry out a specific task. This 
subprogram is called from the another (main) 


Stack before the 
execution of call 
Instruction 


E+ SP | 
lol 


Stack after the 
execution of call 
Instruction 


Stack after the 
execution of return 
Instruction 


Subroutine 


Subroutine 


c 
Changes in the stack due to the call instrctions 


SP 


ТАСТЫ) 


101 
Ба 


—Changes.in in the stack due to the return instructions 


FIG T: 5 USE OF STACK IN CALL AND RETURN INSTRUCTIONS 
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program by the :^!! instruction (jump to 
subroutine), The call instruction pushes the 
program counter on the stack and then passes 
control to the subroutine, The subroutine is 
executed, and the last instruction executed in 
the subroutine POPS the top of stack into PC 
thus causing control to go back to the main 
program at the appropriate place, i.e., next 


РсА4тВЖС-ОГ 
OPDST: Operand stack 
OPRST: Operator stock 


SanStep 1: 
P= A+ Вж С-О/Е 


Scan Step3: 
Ve ВС - D/F 


Step4 contd, 
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instruction after the call instruction, (refer 
Fig. 11.5) 
Use of Stacks in the Evaluation of Expressions 
Another important use of stacks is in thé 
evaluation of arithmetic expressions, The 
expression is scanned by the scanner program 
and operand/operators encountered аге 
pushed on the stacks with the following rule, 


OPOST OPRST 


Scan Step 2: 


A+B 3x C -DIF 
TER (2) 


Scan Step 4: 


Cc D/F 
аа аа Ты 
“Тсопраге 
aes ‘priority 
Ов] == 
ЕТ + | 
ГэВ ра 


Step4 contd. 


Priority of *—* less than thatof Ж 
(Top of stack operator) hence POP two 
operands trom OPDST and evaluate; 
thus т, = ВС. 

Push Т] оп OPDST similarty Тэз A*T4 


and push T2 


uj = 


ScanStep 5: D[F 
Scan Step 6; F(end of the expression) 


tH E 

т = EH EU 

ЕЛҮ! = БЕРКЕ 2 
[B 

Step6 contd. 1, sD/F — T,*T;7 


eH LL 


FiG.116 USE OF STACKSIN EVALUATION OF EXPRESSIONS 
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(We use two stacks one for operands and 
another for operators). Тһе expression is 
scanned till an operator is found. This will 
give out operand and operator pair in one 
scan step. The operand is pushed on the 
operand stack, and the operator's (let us call 
it as an incoming operator) priority is 
compared with that on the top of operator 
stack, Depending upon the priority one of the 
following actions are performed. 

(а) If the priority of the incoming opera- 
tor is higher than that of the operator 
on the top of stack, the incoming 
operator is pushed on to the stack. 


(b) If the priority of incoming operator 
is not higher (і.е, lower or equal) 
than that on the top of the stack 
operator, then the top of stack 
operator from operator stack and the 
toptwo operands from the operand 
stack are poped and operation is 
evaluated. Тһе result of the орега- 
tionis pushed on the operand stack 
and the control is transferred back 
to the step (a). We illustrate this in 
Fig. 11.6 by showing the steps en- 
countered in the evaluation of the 
expression, 

P—A-BXxC-—DJF 
Priorities of , (multiplication) and | (divi- 
sion) operaters are assumed to Бе higher 
(this is the normal convention) than that of 
4- (addition) or — (subtraction). Moreover, 
and | have same priority, so have -- and —. 


The stacks are invariably used for trans- 
lating the arithmetic expressions (in higher 
level languages like FORTRAN etc.) into the 
sequence of basic machine language instruc- 
tions. If stack addressing is not available at 
the machine language level, it could be 
simulated by software. 


11.4.8. Immediate Addressing 


In the immediate operand addressing 
mode, the operand field in the instruction 
format gives the operand itself instead of its 
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address, Since the operand itself is a part of 
the instruction it is available (immediately) 
when the instruction із fetched. Though the 
length of the immediate operand is small due 
to the limited number of bits in the operand 
field, nevertheless a smal) operand is useful in 
many cases, like initialisation to 0, or use of 
a constant with a small value. For example, 
an instruction ADI 01 (add immediate 1 
to accumulator) can be used to increment 
the accumulator. Similar uses of immediate 
addressing are possible. 


11.4.9. Augmented Addressing 


In this addressing mode, the number 
of bits in the operand address field is not 
sufficient to address every memory location 
directly. The operand address is formed by 
appending the bits from some register 
(usually program counter) to the address field. 
For example, in Hewlett Packard (HP) 2100A 
minicomputer there are 10 bits in the operand 
field, while the addressible memory is 32k 
words. Thus, we would require a 15-bit final 
address. The 5 bits of address is formed by 
attaching 5 most significant bits of the 
program counter (PC) to 10 bits in the 
operand address field as shown in Fig, 11.7. 


We may consider the 5 bits as specifying 
one of the 32 blocks (called pages) where 
each block has 21°—1024 locations. Тһе 
operand address field (10 bits) specifies the 
location with in a block, Since 5 most signi- 
ficant bits of the address are taken from the 
program counter, the location referred falls 
in the block in which the instruction (referr- 
ing the operand) resides, With this mecha- 
nism ап instruction cannot refer to а 
location in another page, Іп HP2100A, there 
is one additional bit (10th bit) in the instruc- 
tion format which specifies whether 5 bits of 
PC should be used or 00000 should be used 
to form the final address. In the first case а 
location from a current page (page in which 
the instruction resides) is referred, while in 
the second case a location from 09 page 
(called base page) is referred. Since there 
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Instruction register (18) 


15 


0 
5 BITS 10 BITS 


15-Bit program counter 


FIG: 11.7 ADDRESS FORMATION ІМ НР2100А MINICOMPUTER 


exists indirect addressing also in HP2100A, 
the references to the operands in the other 
Ui could be achieved through indirect 

ressing with pointers stored in the current 
ог base page. 


114.10. Implicit Addressing 


Ay impliett addressing, the opcode of 
Erden implicitly tells about the 
Mag ог example, we may have an 
Nisus Which operates оп some fixed 
dis n А more common example of impli- 
оо addressing is the use of the 
mmn as one of the operands. For 
НУ e ADD M instruction may specify 
түк E ofthe contents of the location 
accumulator. 


коне discussed most of the major 

T od B techniques, and with this back- 

diffcul € hope the reader will not find any 

ое 10 understanding the addressing 

may d a particular machine. А machine 

Erud. one or more ofthe above address- 
$, possibly with slight variations. 


INSTRUCTION SET ОҒ A 
GENERAL PURPOSE COMPUTER 


Machine languages of computers allow 
certain basic operations to be coded, Con- 
ventional machine language instructions can 
be separated into two groups, viz., (i) general 
purpose and (ii) special purpose. The general 
purpose instructions have wide appucations 
while special purpose instructions are appli- 
cable for the specific application for which the 
machine is designed. A computer having a 
general purpose instruction set is"called a 
general purpose computer. In this section, 
we shall study the various instructions which 
are available on a general purpose computer. 
The discussion is broken into a number of 
subsections, each subsection discussing 8 
specific class of instructions, 


11.5.1. Data Movement Instructions 

The operation of copying data from 
one place to another is one of the most funda- 
mental of all operations. We cannot have 
any useful computations without having any 


11.5. 
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data movement facility, Data movement 
instructions can be grouped as follows : 


(a) 


(b) 
(c) 


Loading registers from main memory. 
Storing registers into main memory. 
Moving data from one register to an- 
other register. 

Moving data from one memory area 
to another. 


АП of the above four groups of oper- 
ations may or may not be available on every 
machine, But the operations specified in (а) 
and (Б) can be found in almost all the com- 
puters (in small computers these may be the 
only data movement instructions). While, all 
four groups may be available on a large 
machine. For example, IBM 360/370 series 
of machines have all four groups of data 
movement instructions. While НР2100А 
minicomputer has only first two groups. 


(d) 


11.5.2. Binary (Dyadic) Operation Instruc- 
tions 


АП digital computers are equipped 
with an instruction to add two integers. Except 
for very inexpensive minicomputers, instruc- 
tions for subtraction, multiplication апа 
division of integers are standard as well. 1 
is presumably, unnecessary to explain why 
computers are equipped with instructions to 
carry out arithmetic operations ! 


Another group of dyadic operations in- 
сінде Boolean function instructions. Although, 
there are 16 Boolean functions of two vari- 
ables, very few computers (if any) have 
instructions to code all of them. But it is 
very rare to find a machine which does not 
have instructions for AND, OR and XOR 
operations. When we talk about a logical 
operation on operands, we mean a bit by bit 
logical operation on the two  multi-bit 
operands. We shall discuss in the following 
paragraphs the use of logical instructions. 
А logical AND instruction is mainly useful 
in extracting a required part of a data word, 
For example, consider a 16-bit word storing 
two 8-bit characters. By ANDing this word 
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with 0000 0000 1111 1111 we get the cha- 
racter occupying the least significant position 
(and 0’s in the most significant position of 
the result). 


The OR operation is used to merge the 
data of two operands. For example, we may 
геад one character from a device into the 
accumulator, This could be shifted by 8 bits 
and new data byte could be ORed with the 
earlier shifted data, thus giving the compact 
Storage of the two data bytes. The use of 
XOR is mainly for checking the equality of 
two operands. This is easily possible since 
the result of XOR operation on two operands 
shall be 0, if and only if the two operands 
are equal, Ofcourse, the XOR instruction 
can also be used for merging data as is done 
by OR instruction. 


11.5.3. Unary (Monadic) Operation Ins- 
tructions 


An unary operator operates on only 
one operand, Since monadic instructions 
require only one operand, they could be 
coded with smaller number of bits than 
dyadic instructions. In many cases the орег- 
and taking part in the monadic operations 
resides in the accumulator. The following 
instruction types with unary operations are 
commonly used in many digital computers. 


(a) Instructions to shift the binary data. 
These are quite useful and аге 
provided with many variations (like 
arithmetic/logic shifts, shifting with 
or without carry etc.) 


Instruction to clear accumulator. 


(5) 
(г) 


Instruction to increment/decrement 
a register (or memory location). 


An instruction to produce a 258 
complement of an operand (usually 
in a register). 


(d) 


Instructions which convert data from 
one form into another, The following 
conversions are commonly required. 
(i) Binary to BCD and vice-versa, 


(e) 
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(і) Converting BCD numbers to ex- 
ternal (printable) form vice-versa. 

(iii) Code translation (for example 
ASCII to EBCDIC etc.) 

(iv) Fixed point to floating point and 
vice-versa. 


11.54. Comparison And Branch (Jump) 
Instructions 


The usefulness of comparison of two 
operands and alteration of flow in а program 
can be explained by a very simple example 
of computation. Consider a sample program 
which evaluates the square root of а number. 
If the operand is negative, program will be 
unable to find the square root (or it may 
behave in an unpredictable manner). ІҒ the 
machine has a facility to check whether the 
number is positive or negative, the program 
сап have two branches, in one, it evaluates 
the square root (+ve operand) and in the 
other, it gives the error message. 


At machine language level, we have 
various branch instructions. These instructions 
сап change the programr counter to a new 
value (branch address) specified in the address 
field of the instructions unconditionally 
or under some condition. Unconditional and 
conditional branch instructions are always 
found on any general purpose computer, 
Most common test conditions (for conditional 
branching) are zero, minus, plus and overriow 
ОЁ the result of some operation. In some 
Machines, there are individual flip-flops 
(Flags) to store these conditions, One or 
ЗЭВ of these flip-flops are set or cleared as 

result of the execution of an izstruction 


(some instructions may not affect any of 
these flags), 


11.5.5, Procedure call (subroutine jump) 
Instructions 


сн procedure (subroutine) is a program 
"ue to perform some specific task and it 
I asm е called (invoked) from several places 
To f € other program (called main program). 

acilitate this, processors are provided 
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with ‘Cail’ instructions (jump to subroutine 
instructions), The cail instruction stores the 
program counter value in some known (to 
subroutine) memory location (may be stack) 
and executes a branch to the subroutine start 
address. The subroutine is executed and at 
the end, a RETURN (go back) instruction is 
executed, which places back the previously 
stored PC value into program counter, thus 
facilitating the return of the program control 
to point from which the subroutine was 
invoked. 


11.5.6. Loop control Instructions 


The need for a group of instructions (a 
program segment) to be executed several 
times (looping) occurs very frequently. of 
course, we can implement loop control using 
conditional branch instructions and other 
instructions, however some machines provide 
machine language instructions to effect the 
loop control. These involve decrementing a 
counter every time a loop is executed and 
testing for ‘0’ in the counter. Some machines 
also provide the automatic incrementation of 
a specified index register and the loop is 
terminated when а specified conditions is 
met, 

11.5.7. Input/Output Instructions 


These instructions are provided to transtnit 
data/programs from the user of the machine 
to the memory of the computer and vice- 
versa. The user supplies data on some kind 
of medium (paper tape, punched cards, 
teleprinter key board etc., which the machine 
can read by executing input instructions, 
Similarly the machine outputs the data on 
the output medium (printer paper, punched 
cards etc.) by executing output instructions. 
The input/output instructions and their 
capabilities vary with the machines. 

11.5.8. Machine control Instructions 

This group comprises of instructions 

affecting machine states. The most common 


instruction is HALT which stops the program 
execution, some machines have states to 
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distinguish between the user mode and the 
system's mode, Also, іп this group we have 
instructions to enable/disable interrupts, 


11.6. INTERRUPTS AND TRAPS 


Interrupts are the changes in the flow of a 
program, not carried out by the program 
itself, but by some external event. Interrupts 
are usually associated with I/O operations, For 
example, a program may have an instruction 
to start an I/O operation and set the device in 
a condition such that it causes the interrupt 
after the completion of the I/O operation. 
The interrupt mechanism in CPU after 
executing every machine instruction checks 
for the interrupt condition (by hardware as а 
part of an instruction execution cycle) and if 
it finds the interrupt ON, the instruction 
from a fixed memory location (instead of 
the usual next instruction in the sequence) 
is fetched and executed without incrementing 
or changing the program counter. The fixed 
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location contains a jump to subroutine 
instruction and thus flow of program is 
transferred to the subroutine called the 
service routine, Service routine is usually 
written to carry out the next I/O operation, 
Of course, the machine status and other 
information pertaining to the interrupted 
program is to be stored just after the 
subroutine is entered and restored just before 
the execution of the return instruction, А 
CPU may be equipped to handle number of 
interrupt conditions generated by various 
devices. 


The interrupt conditions just discussed 
were from the events occurring external to the 
CPU, Ontheother hand traps are condi- 
tions in the CPU itself causing the interrupts. 
For example, a machine may be equipped to 
interrupt when an OVF condition is generated 
in the ALU. Тһе trap may be serviced by 
the service routine which may give a message 
to the user, 


EXERCISES 


1. A computer has 4K main memory and 
16-bit word length. 


(а) How many bits are required in the 
MAR, 


(b) Suppose the instruction format has 
12-bits for direct address, how 
many different single address ins- 
tructions can be coded in a 16-bit 
instruction word. 


2, Is it possible to assign the expanding 
opcodes to allow all the following, to be 
coded in a 12-bit instruction format. 


An address field is 4-bit long. 
(0) 12 instructions with double address, 
(И) 80 instructions with single address. 
(ii?) 150 instructions with no address, 


If your answer is no, then calculate the 
maximum number of instructions possible in 
each of the address format, assuming that 
there must be 12 double address instructions. 


3. Design an expanding opcode instruc: 
tion format (with minimum number of bits) 
fora machine which provides the following 
facilities (all of these to be coded). 


(i) 15 general purpose registers 


(1) 26 double address instructions with 
address 1 as register address, while address 2 
is as follows. 


Address 2 has PC relative and index (апу 
of the 15 registers) сап be used as an index 
register addressing, with a provision to enable/ 
disable the relative and index addressing. 
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(iii) 93 single address instructions with 
address 2 as an operand address. 


Give the instruction format with various 
fields/subfields shown clearly. 


In addition to the above instructions, how 
many no-address instructions can be addi- 
tionally coded in the instruction format ? 


4. Acertain machine has 20-bit instruc- 
tions and 8-bit addresses. If there are k 
(k < 16) double address instructions, what 
is the maximum number of single address 
instructions, 


5. Is it possible to design as expanding 
opcode instruction format to allow all the 
following to be coded in a 32-bit instruction 
word. 


3 instructions with two 15-bit addresses. 
6000 instructions with one 15-bit address, 
1 million instructions with no address. 


If your answer is yes then give the instruc- 
tion format and find out how many instruc- 
tions are actually possible to code. 


6. Base register addressing involves two 
lengths, 


Ll:length of a field specifying a base 
register 


L2:length of a field specifying a displa- 
cement, 


(а) How many distinct memory locations 
can be referred without changing the 
base register. 


. T. Devise a sequence of instructions to 
interchange the values оҒ two variable X and 
M without using a third variable or register 
(Hint : use XOR instruction). 
8. State true or false : 
(a) base addressing 
(t) makes program relocatable 
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(ii) is same as index addressing 


(ili) makes execution time of an instru 
tion smaller 


(b) Indirect addressing can be used іс 
address data items in 4 table 
sequentially, 

Address calculations in base and 
index addressing are exactly same, 


(г) 


(d) Stack instructions bave МО address 
(e) Stack instructions have TWO 
addresses. 


(7) Is direct addressing of entire memor; 
always better than address for- 
mation assisted by other means (like 
indexing, base addressing, etc). 
Give your argument to support your 
answer. 


9. What are the limitations regarding 
program relocation of the base addressing. 
On what does the size of program which 
could be relocated depend ? 


If the program to be relocated is bigger in 
size than the maximum size, what remedies 
you suggest. 

10. Suppose certain machine do not have 
a JSB (jump to Subroutine) instruction in the 
machine language, can it be simulated using 
other instructions, Give the sequence of 
instructions that could do the job. 


11. Load register and store register ins- 
tructions can carry out the data movement 
from one memory area to another, what 
advantage will be gained if a machine has 
memory to memory move instruction ? 


12, Why do machines have logical ins: 
tructions ? Give reasons with examples. 

13. Certain machine does not have аг 
instruction to clear the accumulater. How 
can you simulate this operation (give % 
sequence of other instructions). 
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14. Suppose a machine has no addition 
instruction, but there exists an instruction 
which can increment/decrement a register/ 
memory location. How will you implement 
the addition operation on two positive 
uumbers ? 

15. Why do machines require interrupts 
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and traps ? 

16. What extra activities CPU will have to 
carry out in the instruction cycle (steps 
required) for the execution of an instruction, 
if interrupt facility is to be made available on 
a computer ? 
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121. INTRODUCTION 


PROCESSING unitis the main compo- 

nent of a computing system, around which 
other facilities exist. The basic task of a 
processor is to execute its machine language 
program resident in the main memory of 
са computer. The processor has two main 
um viz., (i) Arithmetic Logic Unit 
СА 9 and 09) Control Unit (CU). Ав 
ын etic logic unit could be designed using 
са ponciples, diant in the previous 
Ed on arithmetic. This chapter thus is 
Эй А mainly to the design of control unit 
сщ overall design of the information 
boh and control mechanisms in the 
Um е, А control unit could be designed 
aed E of Ше two approaches, viz., (i) 
Мы ional (Hard-wired) Approach or (ii) 

programmed Approach. 


Te iie being а complex digital 
edi design principles would be best 
cen through an example. We define a 

ypothetical machine named as HM630 


Whose conirol uni : 
ui M р ? 
“оо it design is discussed in this 
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2. HYPOTHETICAL MACHINE HM630 

м block diagram of a machine under 
Ssion is shown in Fig, 12.1. This con- 


fipruation i i 
к із typical of any digital com uter 
with one processor. TS М 


12.24. Instruction Format of HM630 


We assume that the HM630 has a 16-bit 
word length and all its instructions are 16. bit 
long. The instruction format is as follows : 


10 9 8 


15 14 13 12 H 


DJI | Operation Code Ша 


There are three addressing modes in 
HM630, viz., direct, indirect and indexed and 
we can address upto 32K (1K 1024) memory 
locations. In the direct address mode, (154% 
bit=0) the index field bits (bits 9 and 10), 
are 0’s, and the binary number coded in bits 
0 through 9 forms a direct address. When an 
index register is specified in the index field, 
the contents of the specified register (out of 
registers RI, R2 and R3) are added to the 
displacement bits, This forms an indexed 
address, and assuming that the 155 bit is 0 
(no indirect addressing), the location in main 
memory having the above address is accessed. 
The 15” bit is used for specifying the indirect 
addressing. Indirect. addressing has furtber 
indirection if the most significant bit of the 
addressed location contains a 1. In the 
following discussion the term effective address 
denotes the final address obtained as per the 
addressing mechanism just discussed. 


Displacement 
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42.2.2 The Instruction Set 

The instruction set of HM630 has 16 
instructions which are discussed in this 
section 


Load Index Register (LIR) 


This instruction loads the contents of the 
memory location specified by the effective 
address into index register specified by the 
‘index field. Note that addressing for this 
instruction does not have indexing facility, 
since index field is used to specify the 
destination register for loading the data from 
the memory, 


Load the Accumulator (LDA) 


This instruction loads the contents of 
memory location specified by the effective 
address into the accumulator. 


Store the Accumulator (STA) 


This instruction causes the contents of 
accumulator to be stored in the memory 
location given by the effective address. 


MAIN MEMORY 


INPUT / OUTPUT CONTROL UNIT 


es. 
cco 
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Information 
flow 


е» Control signals 


1/0 
DE VICE 


Jump (JMP) 

This instruction alters (һе flow of 
program to the new address specified by the 
effective address, і.е., effective address 8 
loaded into the program counter (PC). 

Jump if Zero (JMPZ) 

This instruction executes the jump to the 
effective address if the result of last operation 
is zero. 

Jump if Negative (JMPN) 

It executes a jump to the effective address 
if the result of last operationis negative. 
Jump if Positive (JMPP) 

If the result of last operation is positive, 


this instruction executes a jump tO the 
location specified by the effective address. 


Jump to Subroutine (JSB) 


This instruction stores the program 
counter in the location specified by thé 
effective address and loads PC with the 
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address that is one more than the effective 
address. For example, in JSB M, where M 
is the effective address, the program counter 
(PC) is stored in location M and PC is loaded 
with the data M +1. 


Add to Accumulator (ADA) 


The contents of the memory location 
specified by the effective address is added to 
the contents of accumulator (AC) and the 
result is stored in the accumulator. 

Exclusive OR with AC (XOR) 

The contents of accumulator and contents 
of the location specified by the effective 
address are bit by bit Exclusive ORed and 
the result is placed in АС. 

AND with Accumulator (AND) 

The contents of the accumulator and the 
contents of the memory location specified by 
the effective address are ANDed bit by bit 
and the result is placed in AC. 

OR with Accumulator (OR) 


The contents of the accumulator and the 
contents of memory location specified by the 
effective address are ORed bit by bit and the 
result is placed in the accumulator. 


Complement Accumulator (CMA) 


The contents of the accumulator are com- 
plemented (2’s complement), 


Shift Instructions (SH) 


The instruction format of the shift 
instruction is shown as follows : 
15 14 1 10956 ТОЛА томдар 


1| N [АЛ | RIL 


Opcode N:Not 0:A| 0: R 
used 
БЕЛЕЕ 
The number К specifies the number of 
Positions in shift operation. The 49 bit 


indicates the direction of shift, i.e., right ог 
left shift while the 54% bit indicates the type 
of shift operation, і.е., logical or arithmetical. 
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The instruction carries out the shift on the 
contents of the accumulator as indicated by 
the shift instruction format. (Note that K=0 
means shift by 16) 

Input/Output (10) 

The format of this instruction is shown 
below : 

1514 1110 7 6 


3 0 
ne] fi ос 


Opcode М: Unused 


This instruction performs the input/output 
operation between the accumulater and the 
specified I/O device, 


Halt (HLT) 
This instructions stops the CPU, halting 
the execution of a program. 


Table 12.1 gives the summary of the 
HM630 instructions. 


12.3 ORGANISATION 


Various units of the computer communi- 
cate to each other through the control 
signals and data paths, From this communi- 
cation point of view, we shall describe the 
various functional units of HM630 in this 
section. 

12.3.1. Memory 

Fig, 12.2 shows the memory organisation 
as seen by the control unit, The Memory 
Buffer Register (MBR) holds the data during 
the access to the memory, while the Memory 
Address Register (MAR) holds the address of 
the location. The control signals read, write 
and clear, carry out the functions which are 
as follows : 

Read signal when applied, reads the 
contents of memory location specified by the 
MAR (It initiates the read cycle of the 
memory) into the MBR. i 

Write signal when applied" causes the 
contents of MBR to be written into the 
memory location,. (It initiates the write cycle 
of the Memory). 


| 
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TABLE 12.1 


HM630 Instructions 


ein 


рїї ге (EA) 
0001 DJI, Index AC«-(EA) 
0010 DJI, Index (BA)<(AC) 
0011 БІ, Index РС.“ ВА 
0100 DJI, Index If (AC) —0 then РС ЕА 
0101 DJI, Index If (AC) «0 then РС ВА 
0110 р/1, Index If (AC) 0 then РС«-ВА 
0111 DJI, Index (BA)«- (PC), PC«-EA +1 
1000 Б/І, Index АС (AC) +(ВА) 
1001 DJI, Index AC<(AC)@(EA) 
1010 DJI, Index АС--(АС) AND (EA) 
1011 рї, Index АС (АС) OR (ВА) 
1100 D/I, Index AC<(AC) 
1101 Shifts AC 
1110 Input/Output 


Halts the CPU 


Notes : EA denotes the effective address 


(BA) denotes the conients of memory location specified by EA 


(PC) and (AC) denote the contents of PC and AC respectively. 


Read CORE STACK 
write AND 


Cleat ASSOCIATED LOGIC 


FIG. 12:2 MAIN MEMORY BLOCK DIAGRAM 
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Рэмі 


R/L A/L 


FIG. 12:3 ALU BLOCK DIAGRAM 


Clear signal has same function as that of 
the read signal except that data read is not 
loaded into the MBR. 


12.3.2. Arithmetic Logic Unit (ALU) 


The arithmetic logic unit of НМ630 
could be designed using the principles discus- 
sed in the chapters on arithmetic. We assume 
that the ALU carries out its functions as рег 
the control signals given by the control unit. 
a 12.3 shows the ALU with control signals. 

е accumulator and the operand register 
(OR) hold the two operands and after an 
operation, the result is placed in the accu- 
p The lines AJL and RJL indicates 
эн ype of shift operation. These lines shall 

connected to the 5 and 4% bit of IR 
E The lines 7, P and ЇЧ indicates 
Син of accumulator, The control 
aw заа, Pana etc., indicate the operations 

performed by ALU. 


12.3.3. Input/ Output Interface 
This unit comprises of a common yo 


Data «ЕЎ DEVICE BUFFER REGISTER 


DEVICE CONTROL 


БЕСІН 


Device 
end signal 


controller which communicates with the 
specified 1/O device through its interface. 
The ЦО controller routes the data and 
control signal to an addressed peripheral (1/0) 
device interface. The peripheral interface 
unit block diagram is shown in Fig. 12.4. 


The important units of IJO interface are 
Device Buffer, device flag and device control. 
Device Buffer is the buffer register of the 
device which holds the data to be inputed or 
Device. flag signal indicates the 


outputed. 
completion of the ЦО operation which was 


initiated earlier, by the start device signal. 
124. CONVENTIONAL (HARD-WIRED) 
DESIGN OF THE CONTROL UNIT 


The control unit has іо supply the 


required signals to get the operations pèr- 
formed by various functional units as 


required by the stream of instructions (pro- 
gram) automatically. ' 


This involves fetching the current instruc- 
PC), 


executing its 


tion (indicated by 


ғіб.124 1/0 INTERFACE 
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operation and incrementing the PC and 
repeating these steps indefinitely. 


A sequence of steps required for the 
execution of an instruction is called as, 
instruction cycle. An instruction cycle. may 
be divided into a number of small cycles 
(called machine cycles), such that each 
machine cycle may carry out a specific sub- 
task of the instruction cycle. Each machine 
cycle in turn may be broken into the number 
of steps or micro-operations (/.e., an operation 
which could be carried out by a singie pulse) 
such that each step does a specific subtask 
of a particular machine cycle. 


12.4.1, Control Unit Components 


To execute an instruction, control 
unit fetches the instruction from main 
memory aud decodes it, After decoding an 
operand 1f required, is fetched and the execu- 
tion is carried out. To carry out these tasks, 
some registers and other elements аге 
required in the control unit. These are 
discussed in the next paragraphs. 


CONTROL UNIT 
ў 


Instruction register (IR) 


t 


5 14 1110 9 8 


DECODER 


[D71 | ОРСООЕ | x | DISPLACEMENT 


MULTIPLEXOR ; ADDER 
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Instruction Register (IR) holds the ins- 
truction being executed. 


Operation Decoder decodes the operation 
code and produces an active signal on one 
of the output lines. 


Pulse Sequencer (Pulse Distributor) pro- 
duces the pulses required in each machine 
cycle and provides the logic to sequence the 
machine cycles as per the instruction being 
executed. 

Program Counter (PC) holds the address 
of the instruction to be executed. This 
register is also called as Instruction Address 
Register (IAR) or Instruction Address 
Counter (IAC). 


Transmission Bus provides hardware for 
data transfer between any two registers. 


"The detailed block diagram of HM630 
machines is shown in Fig. 12.5. 
1242. Discussion Of Machine Cycles 
We identify the machine cycles (phases) 


FUNCTIONAL 
UNITS 


FIG. 12:5 HM 630 BLOCK DIAGRAM 
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required for НМ630, These are selected 
on the basis of the activities to be carried 
out. An instruction. cycle fora particular 
instruction may consists of one or more 
of these machine cycles in бе аррго- 
priate sequence. To simplify the design of 
the sequencer we shall have all machine 
cycles with fixed number of steps. 


Machine Cycle 1: Fetch Instruction (FI) 


The task of this machine cycle is to bring 
the instruction from the main memory into 
the instruction register and increment the 
program counter so that next time, the next 
instruction іп sequence will be fetched. The 
steps (pulses) required to carry out the above 
task are listed below in order of the time 
sequence in which the indicated operations 
should be carried out. The steps are written 
as Ру, where the number? gives the machine 
cycle number while the number j indicates the 
Step number. 


Ру; : Transfers contents of PC to MAR. 
P3, : Gives Read signal to the memory. 
Pi : No operation (gives time to the 


main memory to co mplete the Read 
Cycle). 

Transfers contents of MBR to ік, 
Adds the displacement to the speci- 
fied index register and puts the 
result in RO, Increments the program 
counter.; transfers the control to the 
next machine cycle. 


Р, : 
Ру: 


Machine Cycle 2 : Fetch Operand (FO) 

The task of this machine cycle is to bring 
Ме operand from main memory into the 
Operand register (or any other register). The 
Address of the operand is assumed to be 
Present іп the register RO. The details of 
Steps and their sequence is as follows : 

Ра: Transfers ВО to MAR, 

Pa : Gives read signal to the memory. 

Pas : No operation. 

Py : Transfers the contents of MBR to 

OR, Gives write signal to memory. 
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Ры: Ггаоѕѓегѕ the control to the воі 
machine cycle, 


Machine Cycle 3: Indirect Address Cycle 
(IND) 

This machine cycle resolves the indirect 
address and leaves the final address in the 
register RO. The steps are as follows : 


Ps; : Transfers the contents of Ro to 
MAR, 

Pas : Gives memory read signal. 

Pss : No operation. 

Ры : Transfer the contents of MBR to 

RO 
Pss : If 159 bit of RO is 0 then transfers 
the control to the next machine 
cycle, else repeats IND machine 
cycle. 
Machine Cycle 4: Special Cycle (SP) 

This machine cycle is provided for use 
in special cases. One or more pulses from 
this cycle could be used as per requirements. 
There shall also be five pulses in this 
cycle. 

Machine Cycle 5 : Store Cycle (ST) 

This machine cycle is used for recording 
the data from a register in the memory. The 
steps are as follows : 


Ры : Transfers RO to MAR. 

Pa : Gives clear signal to the memory, 

Pss : Transfers the contents of a register 
(whose contents are to be stored) 
to the MBR. 

Ры : Gives write signal to the memory. 

Р.» : Transfers control to the next 


machine cycle. 


The micro-operations in various machine 
cycles as stated are typical, and additions or 
deletions of the tasks could be made to 
any of the steps. 

To implement the instruction set of 
HM630, machine cycles have to be made 
available to an instruction cycle as per the 
instruction being exempted. Ап instruction 
cycle. would use the pulses from machine 


Cycles to generate the required control 
signals for the execution of the instruction. 


124.3. Instruction Cycles for НМ630 
Instructions 

In this section the use of machine 
cycles to form an instruction cycle із discus- 
sed for various instructions of HM630, For 
this purpose we group instruction according 
30 the micro-operations present in their ins- 
truction cycles, 


Group 1 (G1): The main characteristics 
of this group is that it requires an operand 
from the main memory. Thus all instructions 
which require memory data аге grouped in 


(а) бу Machine cycle switching 


ВО(15) 


(c) 62 Machine cycle switching 


6, 


(е) 0, Machine cycle switching 
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group Gl. 
Gi=ADA+XOR+OR+AND-+LIR+LDA 


Where ADA, XOR, OR, AND, LIR, 
LDA are the symbolic names given to the 
opcode decoder output signals corresponding 
to these instructions respectively. 


The machine cycles required and ий 
sequence is given by the state diagram shown 
in Fig. 12.6 (а). The labels on directed 
edges indicate the condition under which the 
machine cycle transitions occur for the 
instruction in group Gl. The FI machine 
cycle fetches the instruction and carries out 
indexing (except for the instruction LIR) and 


Р25 


Por Pxor ORAC Padd 


(b) 61 Control signals 


9 On 


RO(15) 
(d) 63 Machine cycle switching 


55%%6 
(4706, б. Machine cycle switching 
5, "6 


FIG. 12-6 MACHINE CYCLE LOGIC AND CONTROL SIGNALS 
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transfers the control to IND machine cycle 
if the indirect addressing is specified in the 
instruction [IR (15) —1], otherwise, the control 
goes to FO machine cycle. Also after the 
indirect address is resolved the control goes 
to machine cycle FO. Microoperations to be 
carried out in IND and FO machine cycles 
forthis group are same as those discussed, 
except the pulse Ри of FO machine cycle. 
This pulse is assigned the additional task of 
supplying a control signal to carry out the 
execution of the operation of an instruction. 
These controls are shown in Fig. 12.6 (b). 


Group (G2) : This group consists of jump 
instructions, i.e., JMP, JMPP, JMPN and 
JMPZ instructions. Thus signal G2 is obtain- 
ed by ORing the decoded outputs of codes 
of JMP, JMPP, JMPN and JMPZ, i.e., 

G2 = JMP + JMPN + JMPP + JMPZ. 


The machine cycles used are FI, FO and 
optionally IND. The machine cycle state 
diagram is shown in Fig. 12.6 (c) for this 
group. The microoperations in the machine 
cycles FI and IND аге ав per the discussion 
of group GI. The FO machine cycle is used 
to carry ош the execution of jump іе», 
contents of RO (effective address) is trans- 
ferred to PC as per the conditions. This 
requires only one pulse from FO machine 
Cycle, "We use pulse Pa for this job, while 


Ше other pulses from this cycle should not 
© their normal operations of reading the 


memory since G2 instructions do not require 
ап operand. For example read signal is given 
by Pss. бі, The logic for the signal (say PT) 
Which transfers RO to PC is given by : 

Pp = Р). (JMP + ІМРМ. N + JMPP. 


Р 4- JMPZ .Z) 


Where N, P and Z are negative and zero 
Condition signals іп ALU. 


. Group (G3) : This group of instructions 
includes instructions which involve the 
Storage of data in the main memory. In 
= id we have only two instructions, 1.6. 

Band STA which require a store cycle, 
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Thus : 
G3 = JSB + STA 


In this group, JSB stores the contents of PC 
while STA stores the contents of AC in the 
memory location. Therefore, the machine 
cycles required are FI, ST and optionally 
IND, The machine cycle transition diagram 
for this group is shown in Fig, 12,6 (а). 


The micro operations іп ЕІ and IND 
machine cycles are as per our earlier general 
discussion of machine cycles, The steps in 
ST cycle are given as follows : 

ST Cycle Details for Group G3 

Ры : Transfers the contents of RO to MAR. 
Ра : Gives clear signal to memory, 

Pss : If the instruction being executed is /SB 
then transfers the contents of PC to 
MBR. If the instruction being executed 
is STA then transfers contents of AC to 
MBR. 

Gives write signal to memory, If the 
instruction being executed is JSB then 
transfers the contents of RO to PC. 

If the instruction being executed is JSB 
then increments the register PC by one. 
Transfers control to FI cycle. 


Ры: 


Pss : 


Group 4 (G4) : This group has two instruc- 
tions viz., HLT and CMA . This group 
require only one machine cycle i.e., FI. Тһе 
micro operations in FI machine cycle are 
same, as those discussed earlier except the 
pulse Рэз. It has the following task : 


Py; : If the instruction being executed is 
HLT, it stops the CPU clock, If the 
instruction being executed is CMA, it 
complements the contents of AC. 


Fig. 12.6 (e) shows the machine cycle 
transition diagram for this group. Since 
HLT or CMA instruction requires only one 
machine cycle, i.e., FI, the machine cycle 
transition shall not occur in the present case. 


Group 5 (G5) : This group is composed of 
the ПО instruction only. We use SP machine 


cycle to carry out the execution cycle of this 
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instruction. Тһе machine cycle transition 
diagram is shown in Fig, 12.6 (f£). The FI 
cycle microoperations are same as discussed 
earlier, except that Ро, will not carry out the 
indexing. The SP machine cycle is used as 
follows : 
Input (67 bit of IR —0) 

Рі: NOP 


Ра : Gives the start device signal and stops 
the CPU clock 

Ра: МОР 

P4 : Transfers tbe data from Device Buffer 
(DB to AC) 

Рі : Transfers the control to machine 
cycle І 

Output (6 bit of IR=1) 
P4: Transfers the contents of AC to Device 


Buffer (DB) 

Ра: Same as input 

Ра: NOP 

Ра: МОР 

Pa: Transfers the control to the machine 
cycle І 


Note : Since IJO devices are usually very 
slow compared to the CPU, when Рі starts ап 
1/O operation, it also stops the CPU clock. 
The clock is restarted by device flag signal. 


Group 6 (G6) : This group ‘has only shift 
instruction. The machine cycles used are FI 
and SP and their state diagram is shown in 
Fig. 12.6 (/). 

The FI machine cycle is same as per our 
earlier discussion. In the SP machine cycle 
we have to carry out shift operation on the 
contents of the AC as per the bits 0 to 5 of 
the IR, The bits of the instruction register 
coding A/L and R/L operations are connected 
to the corresponding lines іп ALU. The 
number of shifts is given by the 4-bit number 
coded in bits 0 to 3 of the IR, with 0000 
combination giving a 16-bit shift. We decode 
this combination and call the decoded signal 
ав Z, i.e., 


T—— TA М... TA 


Z = IR(0) . IR(1) . IR(2) . IR(3) 
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The SP cycle details are : 
Pa : If Z+IR(0)=1 then gives Р,, to ALU, 
Py. : If Z+IR(1)=1 then gives Py», to ALU, 
Pas : If Z--IR(2)—1 then gives P,4, to ALU. 
P4 : If Z--IR(3 —1 then gives P,4s to ALU. 


Pis : If 2-1 then gives Р,м to ALU, Transfers 
the control to the machine cycle FI. 


124. MACHINE CYCLE LOGIC 


The pulses required for the five machine 
cycles can be derived from the logic shown in 
Fig. 12.7. Тһе 5-bit circulating register 
produces five pulses in time sequence from a 
square wave oscillator (Main Clock), These 
5 pulses are in turn gated with 5 flip-flops of 
five machine cycles. Whenever a machine 
cycle is required for an instruction, the 
corresponding machine cycle flip-flop is set. 
Initially, the circulating register contains 
10000, while FI cycle flip-flop is set and the 
other cycle flip-flops are reset. This will 
start the machine from FI machine cycle, 
The Set—Rest logic of various machine cycle 
flip-flops is derived from the discussion, we 
had, for instruction cycles of HM630 machine 
instructions. The complete machine cycle 
transition diagram is shown in Fig. 12.8, In 
the machine cycle transition diagram the labels 
on arcs indicate the condition under which 
the transitions in machine cycles occur, Ап 
arrow indicates the direction of the transi- 
tion. The transitions are activated by the 
last (59) pulses of machine cycles as рег 
the conditions shown on arcs. From this 
state diagram, we can derive the Set—Rest 
logic expression for the flip-flops of the 
machine cycles. These expressions are : 


FI set : System Reset J- Pa; + Ps; 3- Poo 
FI reset : СМА--НЇТ . Рі, 


FO set ; IR(15) , (G1+G2) . Ps -- RO(I3). 
(G1 4- G2) , Pas 


FO reset=Ps5-+System Reset 
IND set —IR(15) . (G1 -G2-4-G3) . Pss 


PROCÉSSOR DESÍGN PRINCIPLES 187 


System reset 


Start/stop Ру) Py 
signats Ру, С Poy 
Py P32 
P22 
Py P33 
P23 "IND' F/F 
IND m/c Руд P34 
FO'm/c dep, P24 cycle 
5 
Pyg Pys 
P 
Ру, 51 
5 0 
P52 
Руз 
R P53 
Py. 
ў 'sr FIF 73 
so - ‘sTmjc cycle P54 
SP m/c cycle Py, Руд, Руд 
P45 ын P55 
Pyg FIG12-7 PULSE DISTRIBUTOR 


LA : ó г һе 

Ї This completes the discussion of t 

Эн t ырава | pees ye. hardwired design -of i the control unit М 

SP vM ie Mer HM630, The next section discusses the micro 
іва Rods ed design. 

ST set —IR(S). G3. P +ROCS) . G3. Pas Programmed (6648 

ST геве!--Р,, 
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Е10.12:8 HM630 MACHINE CYCLE STATE DIAGRAM 


125. MICROPROGRAMMED DESIGN 


OF CONTROL UNIT 


In the design discussed in section 12.4, 
the machine Janguage of HM630 is inter- 
pretted by various hardware units through 
the sequences of control signals which are 
generated by the hardwired machine cycle 
logic. In other words the machine language 
is directly interpretted юу the logic circuits. 
In such a design any change in the instruction 
set thus would require changes in the control 
unit hardware. Wilkies (1951) suggested a 
new apprcach of microprogrammed control 
unit design, In this approach, a machine 
language is interprctted by an interpreter 
running in a lower level language (a language 
closer to the hardware), The lower level 
language has instructions called micro- 
instructions. Each microinstruction is а 
coded description of a set of microoperations. 


Programs written using microinstructions 
are called microprograms, The memory 
where these programs reside is called the 
control memory. Since а  microoperation 
can be executed in a small time, thé control 
memory ‘should match the microinstruction 


translated 


execution speed. In 50’s and early 60’s the 
memory technology was not very advanced 
and the idea of microprogram control was 
not very attractive. But the situation changed 
after late 60’s, and with the advancement of 
semiconductor memory technology, most of 
the third generation computers were designed 
using this concept. 


12.5.1. Basic Principles 


The block diagram of a microprogrammed 
control unit of a CPU isshown in Fig. 12,9. 
In this figure Read only memory (ROM) 
stores microprograms required to interpret 
the machine language instructions. Each 
machine language instruction is interpretted 
by executing a microroutine which is written 
80 as to carry out the instruction cycle of 
the machine language instruction. When а 
machine language instruction is fetched into 
the instruction register (IR), the opcode is 
into an address of the ROM 
location, from where the microroutine of the 
instruction is stored. Іп Fig, 12.9, the ROM 
address mapper generates (һе starting 
addresses for various instructions as per their 
opcodes. The complete machine instruction 
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OPERAND ADDRESS 


FIG. 12 9 CONTROL UNIT SCHEMATIC OF A MICROPROGRAMMED CPU 


is executed as follows. When the machine is 
started, the control unit executes an instruc- 
tion fetch microroutine which is common to 
all the machine instructions, This brings the 
machine instruction in the instruction register. 
At the end of this routine, the output. of 
mapper is transferred to the ROM address 
register (RAR) (which acts as а micro- 
Program counter). This transfers the micro- 
program control to the starting address of 
the microroutine of the machine instruction 
being executed, and the execution of the 
microprogram from this location continues. 
This in effect executes the microroutine of the 
machine language instruction. At the end, the 
Microprogram control is transferred to the 
instruction fetch routine and the process 
repeats, 


Microinstructions are executed as follows. 
A microinstruction pointed by RAR is read 
into ROM Data Register (RDR). The RDR 
has fields corresponding to the various groups 
of microoperations. The decoders for these 
Broüps decode the microoperations and 
generate the corresponding control signais 
Which are used to activate various units. 


To implement the HM630 instruction set 


SER the above principles, we shall first 
ecide on the format of microinstructions. 


. operations, 


A microinstruction should provide facility to 
code any of the required microoperations 
which we came across, while studying the 
conventional design of HM630 control unit 
in the earlier section. We shall divide these 
into groups and develop the format for 
specifying them in a microinstruction. 


12.5.2. Bus Control Microoperations 


Bus is used to carry out the data transfer 
between two registers (source and destination 
registers). To specify such microoperations, 
we therefore shall require two fields, one for 
specifying the address of the source register, 
while the other for specifying the destination 
The lengths (number of bits) of 
each of these fields ‘should be sufficient to 
address any of the required registers. We 
shall name the source field as RTB (Register 
to Bus) and destination field as BTR (Bus to 


Register). 


In HM630 we have 12 registers and hence 
we shall have 4 bits in each of these fields, 


register. 


12.5 3. Function (FN) Group 

Besides the above bus control microopera- 
we require a field to specify micro- 
to provide control signals to the 
ts (ALU, 10, Memory) for 


tions, 


functional uai 


190 


carrying out functions, These microopera- 
tions are listed below with their description. 
List of Function Group of Microoperations 


Code Mnemonic Description 
Name 
i NOP No operation 
it ADD Gives Pigg pulse to 
ALU 
2. AND Gives Pung pulse to 
ALU 
3 OR Gives P; pulse to 
ALU 
4 XOR Gives Psor pulse to 
ALU 
5. 8Н8 ) 
6. SH4 | Shift control signals 
7. SH2 | to ALU 
8. SH1 J 
5-2; READ Read signal to 
memory 
10. CLEAR Clear signal to 
memory 
11. WRITE Write signal to 
memory 
12, ADDI Index register is 
added to displace- 
ment and result put 
іп RO 
13. INPUT Transfers the data 
from device buffer 
to AC 
14. OUTPUT Transfer the data 
from- AC to device 
buffer 
15, CLF Clear the device flag 
16. STD Start the device for 
Operation 
175 ЈМР Jump іп  micro- 
program 


We have listed 17 microoperations and if 
more facilities at hardware level are made 
available microoperations for these could 
be defined, Since we have 17 microopera- 
tions, we require 5 bits in function field to 
specify any one of these 17 microoperations. 
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Moreover we have enough space to extend 
the set if extensions to the set of microopera- 
tions is required. 


12.5.3. Test Field 


The microoperations in test field are 
required to alter the flow of microprogram 
depending on various conditions. Typical 
action of a microoperation of this group is 
to skip the next microinstruction if a 
condition specified by the microoperation is 
true, else if the condition specified is false, no 
operation is carried out. ‘fhe list of these 
microoperations is as follows : 


Test Field Microoperations 


Code Mnemonic Action 
Name 
0. NOP No operation 
1 SKZ | ALU f Skip on zero 
2 SKN У tests 4 Skip on negative 
3 SKP } L Skip on positive 
4 SKIR 15 Skip if IR (15)--0 
5: SKIR 0 Skip if IR (0)—0 
6. SKIR 1 Skip if IR (1)—0 
T SKIR 2 Skip if IR (2)—0 
8, "SKIR3 Skip if IR (3)=0 
9; SKRO 15 Skip if RO (15)=0 
10. SKF Skip if device flag=1 


Since there are 10 microoperations in this 
field, we shall require 4 bits to code any one 
of them. Additional 6 skip conditions if 
required could be coded. 


12.5.4, Microinstruction Format 


With the discussion we just had, the 
following format for HM630 microinstruction 
is suggested. 


4 4 5 4 3 


RTB BTR ЕМ TEST SP 


The last field is a special (SP) field. with 3 
bits. In EN field, if we code a JMP micro- 
Operation, we require to specify the jump 
address in miccoprogein, Т» avoid th? 
additional bits in the microinstruction, Wê 
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CONTROL 
MEMORY 


Rom data register 
(m Ў 


470 16 
10 


I 


БИЧ 


Controt signals 
FIG. 12-10 MICROPROGRAMMED CONTROL UNIT SCHEMATIC OF HM630 


shall use 4 bits in test field and 3 bits of SP 
field, to specify a jump address, This can 
address 128 locations of control memory 
which is sufficient for a smal! machine like 
НМ630. 


| ES field bits can be used when JMP is not 
po ed in FN field. We use 2 bits of SP field 
у follows for coding the additional 2 
microoperations. 

SP Field Details 


1 1 1 


ан 1МСРС microoperation increments 
MR Bram counter of CPU by one while 
ihe о арор transfers the output of 
This cd to the ROM address register. 
vhs түлэн, thus сап be used to 
routine Ple control to the micro- 
Бе ел of the machine language instruction 
ecuted. 


шэн UT 
5 [m й к 6 
ES ES 


cH 
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Instruction register 


512555 [xooness | 
j 


P1 


The block diagram of the HM630 micro- 
program contro! unit is shown in Fig. 12.10, 


In Fig. 12.10 ROM data register (RDR) 
holds the current microinstruction. The 
microinstruction fields are decoded and 
control signals are generated through the 
clock pulses P; and Ps. The microoperations 
in the first two fields are activated by clock 
pulse Ру, while the microoperations in the last 
three fields are activated by the clock pulse 
Р, (Р, comes after the pulse P;). The clocks 
P. and Р, can be very easily obtained as 
shown in Fig. 12 10 


he ádditioual register SP (Scratch Pad) 

is provided (not shown) for temporary storage 
of data in the microprogram. Particularly SP 
will be used to simulate the subroutine call 
operation using JMP microoperation. The data 
from ROM is loaded by the rising edge of Р; 
whereas the falling edge of Рі carries out the 
execution of the bus field microinstructions. 
Ано P, increments the ВАЕ so that the next 
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microinstruction in sequence is read from 
the control memory in the next cycle. 
12.5.5. Sample Microprograms 
This section discusses a few sample niicro- 


programs. The microroutines are written in 
LABEL RTB BTR 
FETCH PC MAR 
MBR IR 
IND RO MAR 
MBR RO 
NOP NOP 
SP RAR 
ADA NOP NOP 
RAR SP 
RO MAR 
MBR OR 
NOP NOP 
NOP NOP 


When the machine is turned on, the system 
reset signal sets ВАК to point to the fetch 
routine address, When machine is started, 
the microprogram starts from the fetch 
routine. This brings the instruction in the 
instruction register, The MAP microopera- 
tion at the end of the FETCH routine trans- 
fers the control to the microroutine of the 
instruction present in the IR. Assuming that 
we have ADA instruction in the IR, the 
control will come to the label АРА. Тһе 
first microinstruction of this routine carries 
out the indexing (ADDI microoperation) and 
checks for the indirect addressing (SKIR 15 
microoperation). If indirect address is speci- 
fied in the machiue language instruction, the 
control goes to the next microinstruction 
which stores RAR (microprogram counter) in 
SP and causes a branch to the IND micro- 
routine, otherwise this microinstruction is 
skipped. The next two microinstructions get 
the operand in OR, The add operation is 
performed next, and the last microinstruction 
transfers the control to the FETCH routine 
and the microprogram executes the next 
machine language instruction similarly. 
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symbolic language  (microassembly) We 
give microroutines for fetching the instruc- 
tion, the indirect address cycle and an 
execution routine for the ADA machine 
language instruction, 


FN TEST SP 
READ NOP INCPC 
WRITE NOP MAP 
READ NOP NOP 
WRITE SKROIS NOP 
JMP —IND— —IND— 
NOP NOP NOP 
ADDI SKIRI5 NOP 
JMP —IND— —IND— 
READ NOP NOP 
WRITE NOP NOP 

ADD NOP NOP 
JMP —FETCH— 


12.5.6. Hardware Details 


This section gives the logic circuit imple- 
mentation of the microprogrammed control 
unit, 


Bas Field Hardware 


Fig. 12.11 shows the bus field logic. The 
bus lines are driven by tri-state drivers. A 
tri-state driver output has 3-states 0, 1 and 
high impedance. 


The driver, when enabled by a control 
signal, connects (logically) its input data line 
to the Биѕ.Јіпе, otherwise (when disabled) the 
driver output is at high impedance thus 
disconnecting the bus from the driver. Fig. 
12.11 shows only 1 bit of the bus, other 15 
bits have identical logic. 


The RTB and BTR field microoperations 
are executed as follows, The data trom the 
source register is selected by enabling the 
drivers at the output of the source register. 
The enable signal is taken from the decoder 
of the RTB field. Thus the data from the 
source register appears at the Bus. The bus 
lines are the input lines (D inputs) of all the 
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[e 


ск2 


СКІ 


(а) Bus logic 
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RTB Field bits 


4101 
oi 6 DECODER 16 


.. 


ЕМО ЕМІ Ем2 EN EN15 


BTR Field bits 


4TO 16 DECODER 


CK15 


CK2 CK3 


ско CK1 


- Data іп ү, Data out 


Driver enable signat 
(b) Tri-state driver (ТО) 


FIG. 1241 LOGIC FOR BUS MICROOPE RATIONS 


registers. To select a destination register 
we just have to clock it. This clock СК, (for 
selecting n'^ register) is derived from BTR 
field decoder outputs and the pulse Py. 


Function Field Hardware 


The 5-ЫГ function field is decoded by а 
5 to 32 decoder as shown in Fig, 12.12. The 
control signals are derived from the pulse Ps 


3 


МОР Padd Pand Por 


Function field bits 


5 1032 DECODER 


as the outputs of AND gates. These signals 
are given to the functional units to signal 
them for carrying out the various micro- 
operations. 
Test and SP Field Microoperations 

The 4-bit test field is decoded by a 4 to 16 
decoder as shown in Fig. 12.13. А micro- 
operation in this field, tests for a particular 


4 


Not defined 


Psh 4 


Pxor  Pshg 


FIG. 12:12 FUNCTION FIELD CONTROL SIGNALS 
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TEST FIELD 


4 TO 16 DECODER 
5 


Not defined 


IR (15) 


OR 


(a) Logic for TEST field microoperations 


RIR(2) 


RIR(1) 


INC PC 


MAP 


(b) Logic for SP field microoperations 


FIG. 12:13 LOGIC FOR TEST AND SP FIELDS 


condition and if tbe condition is true the 
ROM address register is incremented by 1, 
which amounts to the skipping of the next 
microinstruction. In Fig. 12.13 (а), the output 
of OR gate produces the increment RAR 
signal. The JMP signal given to the AND 
gate inhibits the skip (as required’, when the 
JMP is coded in the functiou field. 


The hardware to generate control signals 
of the SP field is shown in Fig. 12,13(b). 


Since we have one bit each, for each indi- 
vidual microoperation in this field, we do not 
require a decoder for this group, 


12.5.7. Microprogramming Applicaticns 


Although microprogramming was intro- 
duced as a systematic method of designing 
the control unit, its other implications are 
far reaching. By changing the ROM contents, 
one can change the instruction set of the 
machine. Moreover, using RAM as control 
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memory new  microprograms could bc 
loaded in the control memory. This thus 
opens the possibility of having dynamically 
changing instruction sets, Many functions 
traditionally done by software could be imple- 
mented by microprograms. Language trans- 
lators which run usually in machine languages, 
could be run partly or fully in a micropro- 
gramming language, thus speeding up the 
compilation process. Also the maintenance 
procedures (test programs in a machine 
language) could be microprogrammed. This 
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will result in faster diagnostics with better 
resolution, because of the fact that micropro- 
grams djrectly interact with the hardware. 
The software written and run as micropro- 
gram is called Firmware. 


А microinstruction format without any 
encoding (/.е., 1 bit for one microoperation), 
is called horizontal, while the format having 
maximum encoding is called vertical, Strictly 
horizontal or vertical formats are uncommon 
and most machines use the composite 
approach. 


EXERCISES 


І. With reference to the conventional 
control unit of HM630. Write down 
the switching expressions for the 
following signals; 

(a) 
(b) 


Memory read signal. 

A signal which transfers RO to 
РС. 

A signal which carries out the 
indexing, 

Р, signal to ALU, 


(c) 
(а) 


(е) Padd signal to the ALU. 
(f) Memory write signal. 
2. Repeat (1) for microprogrammed 
control unit. 
3. Analyse the following micropro- 


grams (FETCH and IND routines as 
per the Section 12.5) and find HM630 
language instructious they interpret. 


Label RTB BTR FN TEST SP 

(4) XYZ МОР МОР ADDI SKIR 15 МОР 
RAR SP JMP  —IND—— 
RO МАЕ READ МОР МОР 
PC MBR WRITE МОР МОР 
КО РС МОР МОР ЇМСРС 
МОР МОР ІМР —FETCH —— 

Ф АТ NOP МОР ADDI SKIR 15 МОР 
RAR SP ІМР —-IND—— 
NOP NOP NOP SKN  NOP 
NOP NOP JMP -—FETCH— 
RO РС JMP -—FEICH— 


(c) MM NOP NOP ADDI SKIR 15 NOP 
RAR SP JMP ——IND—— 


RO MAR READ NOP  NOP 
AC MBR WRITE МОР МОР 
МОРМОРЇМР | —FETCH— 


4. Write the microprograms for the 
following : 

(a) Shift instruction of HM630. 

(b) To multiply the 8 bit numbers 
kept in AC and OR (assume 
additional microoperations іп 
the appropriate fields if requ- 
ired). 


A routine which converts the 
8-bit binary number ime 2-digit 
BCD number (assume the addi- 
tional microoperations in the 
appropriate fields if necessary). 


(c) 


5. It is desired to include the instruction 
157 M (Increment the contents of 
location M by 1, and skip the next 
instruction if the result is 0) in the 
НМ630, Give the pulse-wise descrip- 
tion of machine cycles required in 
the instruction cycle of the 152 М 


instruction. 


6. With reference to the hardwired 
desiga of HM630 CPU, write the 
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Label 


logic expressions for : 

(a) Set-Reset signals of all 
machine cycle flip-flops 
Memory clear signal 

(c) Increment PC signal 

(d) Signal Р,,, to ALU 


One of the machine cycles for group 
G2 is changed as follows ; 


Instead of FO cycle (which was 
used earlier for carrying out the 
transfer of jump address), we use SP 
cycle, with this change, develop the 
machine cycle switching diagram and 
derive Set-Reset logic for all the 
machine cycle flip-flops. 


Instruction DLD M (double load) 
which loads the contents of two 
consecutive locations from address M 
(effective address) in AC and OR is 
to be incorporated in HM630. Give 
the — pulse-wise | description | of 
machine cycle required in the ins- 
truction cycle of this instruction. 


the 


(b) 


Analyse the following microprograms 
and find out which machine language 
instruction of HM630 each of these 
interpret (assume FET€H routine as 
per the discussion given). 


КТЗ BTR FN TEST SP 


(а) КТМ МОР МОР ADDI SKIR 15 МОР 


RAR SP JMP  —ADDCN— 
МОР МОР МОР SKN МОР 
МОР МОР JMP —ЕЕТСН— 


Label 
ADDCN RO MAR READ NOP 
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RTB BTR FN TEST SP 


NOP 
MBR RO WRITE SKROI5 NOP 


МОР NOP JMP  —ADDCN— 
SP RAR NOP NOP МОР 
(b XYZ МОР МОР ADDI SKIRIS МОР 
RAR SP JMP —ADDCN— 
ROR MAR READ NOP NOP 
MBR AC WRITE NOP NOP 
NOP NOP JMP —FETCH— 


10, 


12. 


13. 


. Write microprograms to іпіегргеі: 


Write microprograms for HM630 to 
interpret : 

(a) DLD instruction (exercise 8) 
(b) ISZ instruction (exercise 5) 


(c) STA instruction of HM630 | 


(a) Comparison division algorithm 


(b) Booth's 
rithm. 


multiplication algo- 


What are the various factors to be 
considered in designing the micro- 
instruction formats, 


In the design of hardwired control 
unit, bus design was not discussed. 
Also a transfer operation was spec 
fied by a single pulse. Could you 
suggest how to get the source and 
destination (4-bit each) quantities 
(Hint; Use mjc state flip-flops 4% 
inputs.) 


13 


INPUT/OUTPUT DEVICES AND SYSTEMS 


131. INTRODUCTION 


Ee (I/O) devices provide the 
means information communication 
between the computer and the outer world. 
To carry out any computational work using 
acomputer, data and instructions must be 


/ 


131 A PERFORATED PAPER 


FIG. 


( 


эе) ( 


supplied to the computer and it must deliver 
the results. The perforated (punched) paper 
tapes were the first popular media for 
storing programs and data. Before computers 
were commercially available, the use of paper 
tape was well established in telegraph systems, 


ее, 


ТАРЕ IN ASCII CODE 
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and devices for punching and reading these 
tapes were already well developed. Modern 
computers have card readers, paper tape 
readers, teleprinters, CRT terminals, line 
printers, card punchers and magnetic tapes 
and disks as their ЏО devices. 


13.2. PAPER TAPE DEVICES 


Most of the present day computers use 
8-track, one inch wide paper tapes. Data on 
the paper tape is punched by а punching 
machine. The codes representing informa- 
tion on tapes may vary from one computer 
to another, but most commonly used codes 
аге ASCII (American Standard Code for 


TABLE 131 
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Information Interchange) апа  EBCDIC 
(Extended Binary Coded Decimal Interchange 
Code). The 7-bit ASCII code uses 7-bits for 
information and the 8^ bit is optionally 
used for the parity (this bit is 1 if the number 
of l's in the information bits is odd, other 
wise it is 0). Тһе EBCDIC is an 8-bit code, 
The Table 13.1 gives the ASCII code while 
Table 13.2 gives the EBCDIC code for the 
alphanumeric information (English alphabets, 
numerals and other symbols). The Fig, 13! 
shows a perforated tape carrying the data in 
ASCII code which includes all the characters 
commonly encountered. 


THE ASCII CODE 


Examples 
Code tor Q 1s 101 0001 
Code for C 15 100 0011 


я [oor [os on 
ШОП ЕСЕЛЕЙ 
confe e н а 
юк [ss | нена ан ня ня 
бк кз [э [е 
11:38 нн ty | |_| 
or [марна [э [e [v] 
ne fro нера Ге ўе Г 
ыы... 
Н х 
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The Abbreviations Used in Table 13.1 


Null (idle) 

Start of Message 
End of Address 

End of Transmission 
Who are you 

Are You 

Audible Signal 
Format Effecter 


Horizontal Tabulation 
Skip 

Line Feed 

Vertical Tabulation 


Form Feed 
Carriage Return 
Shift Out 

Shift In 

Device Control 
Error 
Synchronous 
Logical End of Media 
Separaters 
Acknowledge 
Escape 

Delete 
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The Abbreviations Used in 

Table 13.2 

PF Punch Off 1% 12-0-9-8-1 
LC Lower Case 2* 12-11-9-8-1 
DL Delete 3% 11-0-9-8-1 
CU  Custmer Use 4* 12-11-0-9-8-| 
TM Таре Mark 5% No punches 
RES Restore 6* 12 
NL New Line 3.11 
BS Back Space 8* 12-11-0 
IL Idle 9* 12-0 
CC Cursor Control 10 * 11-0 
DS Digit Select 11% 0-8-2 
SOS Start of Significance 12 * 0 
FS Field Spectator 13 * 0-1 
BYP Bypass 14 * 11-0-9-1 
LF Line Feed 15% 12-11 
EOB End of Block 
PRE Prefix * [ndicates the 
SM Set Mode punchings on 
PN Punch Оп TOWS given 
RS Reader Stop against the key 
ЮС Upper Case (Punched card 
SP Space rows). 


Example to illustrate the use of the Table 13.2 


Character Code 
A 1100 0001 
1 1111 0001 
р 1001 0111 
149 1150,9,1 


13.2.1. Paper Tape Reader 


А paper tape reader consists of a reading 
station and a mechanism to move the tape 
under it whenever required. The reading 
station is composed of photo cells and a 
lamp assembly to produce a slit of light 
covering all the tracks. The presence or 
absence of a hole is indicated by a photo cell 
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which produces two distinct voltages, These 
voltages are amplified and shaped by 
amplifier-shapers so that they represent the 
logical І or 0 signals. The amplifier-shaper 
(AS) used for synchro-track generates the 
clock pulse which latches the data from the 
eight amplifier-shapers into the 8-bit device 
buffer register, This data is then transmitted 
to the computer and the tape 18 moved for 
reading the next character, 


The operational speeds of paper tape 
readers are expressed as the maximum 
number of characters which can be read рег 
second. Present day paper tape readers 
Operate upto the speeds of 2000 characters 
per second. Most of the photo tape readers are 
generally friction driven and they move the 
tape continuously till a stop condition is 
sensed, Extremely fast starting and braking 
of the tape are highly desirable features and 
Most readers are capable of stopping on any 
given character, 


A typical paper tape reader interface to 
the computer is shown in Fig. 13.2. 1t works 
as follows. The computer gives a command 
to the device which clears the device flag and 
moves the tape. This transmits a data byte 
(8 bits) into the device buffer register. The 
CPU checks for the flag of the device (which 
was cleared earlier when the command was 
given) and if the flag is ON, the data is taken 
by the CPU from the device buffer, On the 
other hand if flag is OFF, the CPU does not 
take the data, but either waits for the flag to 
becomes ON or does some other task. 


Some paper tape readers use mechanical 
Sensors for reading the data, These аге very 
slow readers, In these readers the nine (one 
for SYNC track) teeth Shaped sensors sense 
the holes (if there is a hole, tooth passes 
through it, otherwise it is blocked by the 
tape) and accordingly activates the levers, 
which finally activate the contact switches 
giving out the data read from the tape. 
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—45] оо 
——>|as| 01 
as] 02 
5 03 
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£——— From photo cells of 8 data tracks 


From the рпоіс 
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Device free signa! 


9 Device flagF/F 
5 R 
tiag 
Clear е SL. 
from CPU 


FIG13.2 A TYPICAL PAPER TAPE READER INTERFACE 


13.2.2. Paper Tape Punch 


Е“ punching devices use the 
Pünchers f, tape punching mechanism (eight 
Puncher d eight tracks and one special 
Punchers or the synchro track. These 
Which on activated by electromagnets 
required t energised (for certain duration 
are ener Я punch a hole). Electromagnets 
byte, hg as per the bits in the data 
the byte is dx Ue if the 34 and 4% bit in 
Bine a N, the third and fourth electro- 

те energised and holes іп 3% and 49 


tracks are made. The computer interface fot 
a paper tape punch consists of a device 
buffer register a flag Пір-Пор and some 
controllogic. The data byte from computer 
is transferred to the device buffer logic and 
the computer issues а punch command and 
at the same time clears the device flag (to 
indicate the busy status ofthe device), The 
devices punches the data and moves the tape 
forward by one character position, The 
mechanism for tape movement consists of а 
motor and a tape spool with appropriate 
bracking and tape release mechanism, 
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13.3. PUNCHED CARD DEVICES 


Punched cards are the most widely used 
medium. There are a number of card sizes, 
but the most commonly used card at present 
is а 12 row, 80 column card having a size of 
73x31 square inches. Data оп a punched 
card can be coded in a numerous ways, but 
the most commonly used code is the Hollerith 
code. This is an alphanumeric code in which 
character code is punched in a single column 
having 12 positions (rows). Fig, 13.3 shows 
a punched card with Hollerith codes (hole 
combinations) for various characters. For 
example, the code for character A has 
punchings on the top row and row 1. Note 
that rows (except the top two rows) bear 
their numbers in all the 80 columns in the 
commercially available cards (Fig. 13,3). 


Data on the punched cards is prepared by 
а card punch machine (кеу punch machine), 
A key punch machine has an hopper to keep 
the deck of blank (without data) cards. One 
card at a time is fed to the card punch 
station and a key punch operator types in 
the data through the type-writer like key 
board and thus the data is punched on the 
card. 


13.3.1. Card Readers 
Card reading equipment have а read 


Shaft encoder 
assembly 
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station made of 12 photo cells and a light slit 
arranged along a column of the card. Тһе 
card is passed through the reading station, 
The punchings on each column (all 12 rows) 
are read by photo cell and amplifier shaper 
assembly, and the 12-bit data from each 
column is transmitted to the computer one 
after another, Some card reade. have logio 
to convert the Hollerith code of the punched 
character into the standard 8-bit code (ASCII 
or EBCDIC). The deck of punched cards is 
kept in a hopper ot the card reader and an 
electromechanical mechanism upon the read 
command pushes a bottom most card from 
the hopper into the read station. The card 
passes through the reading station and is 
collected in the collecting hopper. In this 
processes, data on the entire card is trans- 
mitted (о the computer memory. 


134, і. PRINTERS 


A line printer prints one line of the 
iuformation in one print cycle. Electro- 
mechanical printers are commonly used and 
have printing speeds varying from 200 lines 
to 1500 lines per minute, Printing mechanism 
consists of а drum (chain in chain type 
printers) having mirror images of letters 
engraved on the circuraference as shown in 
Fig. 13.4. The drum is kept rotating а 


Driven by 
motor 


The mechanism here can 
indicate the code of the 
character in trent of the 


hammers. 


FIG 13:2 LINE PRINTER DRUM 
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certain revolutions per minute (This decides 
the printing speed). The characters forming 
a line to be printed are transmitted from 
computer to the local line memory in the 
printer. The drum, while rotating, positions 
each row of the characters (АЗ, B’s...etc.) 
along the hammers (which hit the paper, 
behind which the carbon ribon and engraved 
character row lie). Which engraved line of 
characters is in front of the printing position 
is determined by the shaft encoder attached 
to the rotating shaft of the drum, The 
hammers are energised for all character 
positions in which there exist a match between 
the character indicated by the shaft encoder 
(character facing the hammers) and the 
characters in the printer line memory. After 
one revolution of drum, all characters in the 
line buffer would have been printed, thus 
giving the maximum printing speed of one 
line per revolution of the drum. 


13.5. TELEPRINTER (TTY) AND CRT 
TERMINALS 


Teleprinter (TTY) and CRT terminals are 
commonly used devices in digital communi- 
cation systems. Also, in a time-shared com- 
puter system, where a number of users are 
served simultaneously by the system, users 
communicate to the system through TTY or 
CRT terminals. A TTY or CRT terminal has 
a type-writer like key-board through which 
user types his data (or program) into the 
system. This data is also printed on the TTY 
printer (or displayed on CRT). Since TTY 
or CRT terminals are communication devices, 
they are designed with a standard serial 
communication interface, through which data 
is received or transmitted in a serial bit by 
bit manner. 


Fig. 13.5 shows the format of a serial data 
byte. The Т. and К, lines are the transmit 
and receive lines through which the terminal 
transmits or receives the data respectively. 
When no communication is being done, both 
the Re and Т, lines are at logical 1 state. 
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Computer interface for a TTY or CRT 
terminal consists of an 11-bit shift register 
and some contro] lines. An 8-bit character 
to be printed (or displayed) on the terminal 
is loaded in the shift register with the start 
and stop bit values as shown in Fig. 13.5 (c), 
The data in the shift register is shifted out 
and is received and printed (displayed) by 
the device. 


The driver shown in Fig, 13.5 (d) produces 
a 12 V (20 mA) and line open conditions for 
logical 1 and 0 TTL signals respectively at 
the input terminal of the driver, Similarly 
the computer interface receives serial data 
from a TTY or CRT terminal through a line 
receiver. Тһе line receiver converts 12 У (20 
mA) and line open conditions into TTL 1 and 
O respectively. A receiver circuit is shown in 
Fig. 13.5 (e). 


The printing mechanisms of telepriniers 
normally use impact printing method. In 
this method of printing, the characters 
(letters, digits and other symbols) are 
engraved on a small cylinder. When a 
character code is received by the TTY, the 
cylinder is positioned such that the character 
to be printed faces the ribon and it is 
hammered by the hammer activated by the 
mechanism, This thus prints the character 
on the paper. 


CRT terminals are increasingly being 
used 10 place of teleprinters. This trend was 
set by the large scale integrated circuit 
technology which made the electronic circuits 
used in CRT displays inexpensive. A CRT 
display uses a ROM character generato? 
which stores the dot patterns for the complete 
character sct. For example, the letter E may 
be stored as a 7x 5 array of 1’s and 0’s (1 for 
a dot and 0 for no dot) as shown in Fig. 
13.5 (f). These 18 and 08 are read in 
sequence and CRT beam is intensified if 179 
are read to produce dots on the CRT screen. 
A CRT controller (available commercially as 
a LSI chip) controls the retrieval of dots and 
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Serial out 


40) 


Tx 


mn 8 Bit character code ШЕ 


(с) 11 ВИ shift register to transmit the data to TTY 


(c) 


FIG. 13-5 


beam movement along X and Y directions on 
the screen, such that the given character is 
displayed at the required position. 


Some CRT terminals may have capabilities 
to store and manipulate (edit) the page of 


(9 


which was keyed in the terminal. Such 
terminals are called intelligent terminals, 
since they have certain computing power. 
With the advent of microprocessors (see 
Chapter 14) CRT terminals аге becoming 
progressively more intelligent. 


text 
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Read winding 
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Write winding 


<— Forward tape motion 


ҒІб.13:6 MAGNETIC HEAD SCHEMATIC 


136. MAGNETIC TAPE AND DISK 
DEVICES 

Magnetic tape and disk devices are 
commonly used for large scale data storage. 
The storage of 100 million bytes of data is 
usually common using a single magnetic tape 
or disk pack. These devices use surfaces 
coated with the magnetic material as record- 
ing media. Data is written on the moving 
medium using the magnetic Read/Write head 
(Fig. 13.6) by passing the appropriate current 
pulses through the Write winding of the head. 
The recorded data is read using the Read 


1 1 0 1 


ШОН 


(b)Flux pattern 


winding. This is done as follows. When the 
medium (say tape/disk surface) moves with 
respect to the head, variations in the magnetic 
flux cause the voltage to be induced in the 
read winding. This voltage is amplified and 
shaped to produce logic signal levels. 

13.6.1. Recording Techniques 


The recording of 178 and 075 on а tape or 
disk track may be done in a number of ways. 
In this section, we discuss various methods. 


RZ (Return to Zero) Recording 
Fig. 13.7 (a) illustrates the RZ recording 
0 0 1 1 


(a) Recording current 
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FIG. 13-8 RB RECORDING 


waveform for the data pattern shown. In 
this recording method, а 1 is recorded with 
positive current pulse, while 0 is recorded with 
anegative current pulse. In either case, the 
Current is returned to zero value after the 
pulse (hence the name RZ). Fig. 13.7 (b) 
ter the recorded flux on the track, 
эн ЁС with this flux pattern, when passes 
4 E. Ер head, the voltage waveform shown 
» ur 3,7 (c) is induced іп the read winding 
е head. The sync pulses (timing pulses) 
Benerated by the timimg track (or any other 
E shown in Fig, 13.7 (4). The ош- 
Boss from read winding is amplified 
зай ©) into the logical signal voltage 
di | е serial data bits thus read are 
ей in a register and transferred into 


e 
pty 


FIG.13-9 NRZ RECORDING 


the main memory of the computer. 


Return to Bias Recording 

In this technique, a І is recorded with a 
positive current pulse (4-1) and the current 
returns to a negative value (-4) and 
remains negative till an another І is enco- 
untered in the bit stream of the data. In 
other words, 0’s are recorded with the biase 
value (— I) of the current. Fig. 138 (а) 
shows the write head current pulses for the 
data shown and the magnetisation is shown 
in Fig. 13.8 (5). The read winding output is 
shown in Fig. 13.8 (c). 
NRZ (Non Return to Zero) Recording 

Fig. 13.9 illustrates the NRZ recording 


(a) Recording current 


(b) Flux pattern 


(c)Read winuing output 


AU 


hetit 
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waveforms, In this method of recording, a 
Ois recorded with the negative current for 
the entire bit time, and 1 is recorded with 
the positive current for the entire bit time. 


NRZI Recording 


A variation of NRZ recording is possible. 
In this variation the recording current is 
reversed in the polarity every time a 1 is 
encountered in the bit stream to be recorded, 
otherwise the current remains constant. This 
method is known by the name NRZI (Non 
Return to Zero Inverted). Fig. 13.10 (a) 
shows the recording current waveform, while 
Fig. 13.10 (Б) and Fig. 13.10 (c) show the flux 
pattern and the read winding voltage respec- 
tively. 


Phase Encoded Recording 


Phase encoded recording also called 
Ferranti or Manchester recording is an yet 
another variation of NRZ recording, Іп this 
recording technique, a 1 is recorded by a 


бе іа a ШТ 
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(a) Recording current 


(b) Flux pattern 


(c ) Read winding output 


positive current for a half of the bit time 
followed by a negative current for the 
remaining half of the bit time. A 0 is 
recorded with a negative current for half bit 
time followed by the half bit time positive 
current. Fig. 13.11 shows the waveforms for 
this recording method. 


Discussion of Various Recording Techni- 
ques 

We studied various recording technique: 
in the present section. Itcan be noted that 
in RZ recording the magnetic flux returns 
to zero value after recording each bit. This 
makes it impossible to use it practically. 
This is because, it is not possible to write 
over the previously recorded information, 
unless the position of each cell is accurately 
located. For example, suppose that on some 
position on the track, we recorded a bit (say 
with the value 1) using RZ method. This 
will have a positive flux pattern followed by 
no flux pattern (for zero part of the current). 


(a) Recording current 


(b) Flux pattern 


(c) Read winding output 
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Now suppose we want to record on this 
track, and suppose cell positions (bit posi- 
tions) are shifted slightly. 1t may happen 
that, zero value of a current in the new 
recording may fallat the position of track 
where a positive flux was already present 
(due to the previous recording), Since the 
zero current (in new recording) is not сар- 
able of changing the flux, the data will be 
erroneously recorded, Therefore the RZ 
method is rarely used. In the RB recording, 
a sequence of zeroes may cause problem, 
since 0's do not involve any change of flux, 
This method can be used if a special track 
for clock is used or, at least one track has 
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al onevery cell position. Phase encoded 
recording has the advantage of having flux 
changes for every recorded bit. Same is not 
the case with NRZ or NRZI techniques, 
Phase encoded recording is now used оп 1600 
BPI (bits per inch) tape drives, while NRZI 
was used in 800 BPI tapes in earlier 
computers. 


13.6.2. Magnetic Tape Devices 


Magnetic tape provides an inexpensive 
and convenient medium for the storage of 
large amount of data, Also these tapes, un- 
like paper tapes can be used again and again, 


Lamp 


Vacuum chambers 


Lamps indicate the depth 
in the vacuum chamber 


to which the tape has gone 
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since we can erase the old data and write new 
one in its place. 


Magnetic tape system consists of a tape 
transport mechanism and a_ read/write 
station through which the magnetic tape 
passes. The transport mechanism consists 
of a motor drivén capstan, with good break- 
ing and take off arrangements, so that the 
tape can be stopped accurately. Usually 
for high speed tape operation, vaccum 
breaking is employed. The tape start and stop 
times may vary from 1 millisecond to 8 milli- 
seconds, Тһе read/write station consists of 
а magnetic recording head with two gaps 
(See Fig, 13.6). One рар is used for write 
operation in which the flux is established by 
the current in the write winding, while the 
other gap generates the emf оп the read 
winding. With such an arrangement, data 
while being recorded could be read and 
checked against the recorded data. This is 
possible because, the tape first wili move 
under the write-gap and then pass through the 
read-gap. When the data from the tape is 
read in the reversed direction (this facility is 
available in some tape systems), the roles of 
read and write windings are interchanged. 
Fig. 13.12 shows a magnetic tape drive. 


13.6.3. MAGNETIC DISK DEVICES 
Like magnetic tapes, disks are used for 
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large scale data storage, but disks have the 
advantages of better data accessing method, 
In magnetic tapes data has to be read/recor- 
ded sequentially i,e., tape drive has to skip 
the tape till а desired position (where data is 
to be read/recorded) comes under the head, 
In magnetic disks, the data access is partly 
sequential and partly direct hence these 
devices are known as direct access sequential 
devices (DASD). 


A magnetic disk pack consists of a number 
of circular disks attached to a common spindle 
as shown in Fig, 13.13. Each disk has two 
surfaces coated with the magnetic material, 
The disk pack schematic shown in Fig. 13.13 
has 12 surfaces out of which two (top most 
and bottom most) are unused for the obvious 
reasons, Тһе disk spindle is driven by the 
electric motor. The rotational speeds vary 
with the manufacturers, but typicafly they are 
of the order of 3000 rpm, 


A surface of a disk is divided into a 
number of concentric circular tracks as shown 
in Fig. 13.14. Tracks may be numbered in а 
convenient manner. Tracks on all the sur- 
faces bearing the same number forms à 
cyliader which bears the same number (of 
the tracks) (See Fig 13.14). The data on the 
disk device is recorded cylinderwise to save 
on the otherwise necessary time consuming 


Read/ write 


Drive 


head assembly 


Solenoid 


FIG. 13-13 MAGNETIC DISK DRIVE 
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Tracks 


FIG 13-4 TRACKS ON DISK SURFACE 


movements ot the read/write heads. 


А disk drive consists of a motor to rotate 
Ше disk assembly. The head assembly 
has to be moved in and out of the 
disk pack such that a required cylinder 
Б selected for read/write operation, Тһе 
mechanism for moving the head assembly 
Consists of a solenoid which can linearly move 
inthe field of a strong magnet. The head 
assembly is attached to the solenoid so that it 
Moves whenever the solenoid is moved. 
Solenoid can be made to move in either of 
the directions by the current of appropriate 
pun The accurate positioning of heads 

quired to carry out reliable read or write 
Operation, This calls for very accurate and 
Precise positioning mechanism, 


ше required to access data in the 
Eus Consists of a seek time (time 
ded c Я move the head assembly to the 
is Вы ае? and the latency time (which 
Ка e for data record to enter the read/ 
can at ad position). The latency time thus, 
| ont be equal to the time Гог one 
on of the disks. 


но disk Systems, the seek time is 
track. і У providing one fixed head рег 
Тан Systems heads are typically 
Careluij % Broups of eight or ten and are 

Y aligned іп fixed positions with 


respect to the disk surface. Since track 
densities greater than 60 per inch is difficult 
to achieve in fixed head disks, the storage 
capacity of а dxed head disk is less than that 
of a moving head disk with the same surface 
area, 


13.7. 10 SYSTEMS 


ЦО system of а computer consists af hard- 
ware and software components througb which 
IJO devices communicate to the computer 
system. I/O software subsystem is comprised 
of programs whose tasks involve initiation, 
optionally data conversion and overall 
supervision of I/O functions on various I/O 
devices, Іп the present section we are con- 
cerned with the hardware aspects of the I/O 
system, In digital computers 1/О op:rations 
are carried out using one of the following 
methods. 


* Programmed I/O 
* Programmed 1/O using interrupts 
* [JO using channels or 1/О processors. 


13.71. Programmed I/O 

In this method of I/O, CPU executes 
necessary instructions to carry out an I/O 
operation and is completely tied (busy) with 
the I/O operation. Since I/O devices are 
very slow compared to the CPU, it has to 
waste a lot of its time in waiting (idleing) for 
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the completion of the I/O operation, before 
an another operation could be started оп 
the same device. Typically the programmed 
ЦО involves the execution of instructions by 
CPU to carry out the following actions 
These are separately described for input and 
output operations as follows : 


Input Operation 
(1) CPU starts the device for I/O opera- 
tion and puts the device in the busy 
state (device flag is cleared). 


(ii) CPU waits till the data is ready in the 
device buffer register. Device puts 
the data in the device buffer and 
indicates the data ready condition by 
setting the device flag. 


(iii) Data from the device buffer is taken 
out by the CPU (either in a CPU 
register cr main memory). 


Output Operation 


(! CPU checks for the device flag 
(device status) and if flag fis OFF, it 
waits for the flag to become ON. [i.e., 
it repeats (001. 

(ii) CPU outputs the data into the device 
buffer register, 


(iit) CPU starts the device for IJO opera- 
tion. 


It may be noted that the above actions 
were already introduced in Chapter 12, while 
studying the HM630 instruction cycles. In 
the HM630 I/O instruction cycle, the wait 
condition was implemented in hardware (by 
stopping the CPU clock and restarting it 
when the device flag becomes ON). The 
wait can also be implemented in software if, 
CPU has instructions to check the flags of 
the I/O devices. Ав an example of this we 
present the examples of imput and output 
operations between CPU and paper tape 
devices in HP2100A  minicomputer. The 
programs (written as subróutines) are as 
follows : 


DIGITAL COMPUTER DESIGN PRINCIPLES 


Input Program 
Label Operation Operands 
INCH NOP 
STC 9, С 
WAIT SFS 9 
JMP WAIT 
LIA 9 
JMP INCH, I 
Output Program 
Label Operation Operands 
OUTCH NOP 
WAITO SFS 10 
1МР WAITO 
OTA 10 
STC 10, € 
JMP OUTCH, I 


These programs have been written 80 that 
they cond be called as subroutines. The 
input routine when called with the JSB INCH 
instruction stores the return address in the 
location assigned to the label INCH (NOP 
instruction is replaced by the return adi 
dress), Thus, when the іпзігісіоп JMP 
INCH, I is executed at the end of routine 
control will go back to the mdin program. 
Similar actions take place in the output 
routine The instruction STC 9, C in the 
input routine starts the device number 9 
(paper tape reader) for the I/O operation and 
cledrs its flag (C, option in the instruction 
STC 9, С). The instruction SFS 9 (skip if 
flag of device 9 is ON) checks the flag of 
device 9 and skips the next instruction if it is 
ON, otherwise the instruction JMP WAIT is 
executed and thus, checking (waiting) for 
the flag is repeated. When the flag becomes 
1 (ОМ), control comes to the instruction 
LIA 9, which loads the data byte from device 
buffer register into the A register in the 
CPU. 


The output routine works similarly. Here 
data from CPU (A register) is outputed to 
the device buffer of the tenth device (papet 
tape punch), and if the device flag is ON 


Fo р 
oncept of interrupt was 
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Change in flow of program occurs due 


ыа to the execution of JSB instruction 
E from fixed location 
PROGRAM 
Interrupt SERVICE 
ROUTINE 


FIG. 13:15 SCHEMATIC SHOWS INTERRUPTS AND CHANGE ІМ FLOW OF 


PROGRAM 


(device free condition) CPU issues the 
STC 10, C instruction, which starts the 
device for IJO operation and at the same 
time clears the device flag) After this the 
instruction JMP OUTCH I, (jump indirect) 
transfers the control back to the calling 
program. 
13.12. 1/0 Operations Using Interrupts 
3 : the programmed I/O discussed in the 
tlier subsection, it can be noted that the 


d is completely tied down during I/O 
peration, It is possible to relieve the CPU 


tom this unnecessary waste of time by 


facilities. The 

а pa invented mainly 

vi е need for better CPU utilisation 
carrying out the 1|О operations. 


Bore facility (if available) can be 
through Ne. the subroutine (ШО routine) 
bits whe е link from a fixed location. In 
Gren never an interrupt condition (device 
Баг: Edition in case of IJO interrupts) 
ос, тана (usually a jump to 
is е к from a fixed location 
Бораш Ч . This instruction passes the 
(х A to the ЦО routine (called 
€ routine), 


making use of interrupt 


- indefinitely, but 


The I/O routines discussed еэгііег for 
programmed ЏО, must be modified as 
follows. The major change will be the 
removal of the instructions which were 
repeatedly executed making CPU to wait. 
Also the another important change required 
is the addition of instructions to save and 
restore the status of the interrupted program 
(contents of various registers, the ALU 
conditions, etc.). The saving of the status 
is done just after the entry to the service 
routine, while the restoring із done prior to 
the return instruction, Тһе execution of 
service routine із automatically (Fig. 
13.15) done whenever the device flag becomes 
ON (device end condition). Thus an цо 
operation initiated earlier, when gets 
completed, will set the device flag and 
generate ап interrupt condition, The inter- 
rupt condition makes CPU to execute an 
instruction from а fixed location. This 
instruction (usually а jump to subroutine) 
causes the contro] to 89 to the I/O 
service routine. This process can continue 
CPU has instructions which 
disable (mask 
suppose а 
data from 


tain conditions 
For example, 
1000 bytes of 


м. 


may under сег 
off) the interrupt. 
program needs 
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MASK OFF THE UNDESIRED 
IN TERRUPTS 


SAVE THE STATUS OF 
INTERRUPTED PROGRAM 
INTERRUPT SERVICE 


RESTORE THE STATUS OF 
INTERRUPTED PROGRAM 


UN MASK THE INTERRUPTS 
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FIG. 13-16 INTERRUPT SERVICE ROUTINE SCHEMATIC 


paper tape reader, What is needed is the 
execution of I/O service routine 1000 times, 
This can be achieved by initiallising 8 counter 
to 1000 in the main program and decrement- 
ing and checking the zero of the counter in 
the service routine. Ifcounter reaches zero 
the interrupt disable instruction is executed 
after which, the CPU does not recognise the 
interrupt and thus no more interrupts (no 
more execution of I/O service routine) can 
occur. Fig. 13.16 shows a flow-chart which 
summarises the actions involved in writing 
an interrupt service routine. 


Hardware Design for Interrupts 


Here we shall discuss the hardware 
aspects of implementation of the interrupts 
in computers. For simplicity let us assume 
that we have only one source of interrupt. 
The hardware logic required іо provide the 
interrupt facility is typically as follows : 


An interrupt request is registered by sett- 
ing a flip-flop io 1 (device flag in case of I/O 
interrupts). The CPU interrogates the state 
of this flip-flop at the end of every instruction 
and if it finds the flag ON, the internal (to 
CPU) IRQ flip-flop is set. The instruction 


fetch cycle (fetch microprogram in case of 
microprogrammed CPU) is designed, such 
that if the IRQ flip-flop is ON, then the ins- 
truction from fixed location is fetched 
(without affecting the program counter), 
otherwise the instruction pointed by the 
program counter is fetched. The fixed 
location usually stores the jump to subroutine 
instruction pointing to the interrupt service 
routine. 


Multiple interrupts are handled as fol- 
lows. Each source of an interrupt has 8 
flip-flop for registering the interrupt request. 
Also each interrupt is assigned a fixed memory 
location in the main memory, where the jump 
to subroutine instruction із stored for 
linking the interrupt service routine with the 
interrupt. Since it is possible to have more 
than one interrupt flip-flops ON at a time, 
CPU must know the priority in which the in- 
terrupts are to be serviced. This is decided by 
a priority logic made of а multi-output 
combinational logic network, which maps 
the combinations of the interrupt flags (flip 
flops) into the desired fixed addresses. Also 
in case of multiple interrupts CPU will have 
instructions to enable or disable interrupts 
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FIG 13:17 INTERRUPT HARDWARE 


selectively. 


This 
additional Mask flip-flop associated with each 
interrupt. In this arrangement an interrupt 
Сап occur only when its Mask and flag flip- 
flops are 1, 


is done by having one 


Be Popular arrangement to decide on the 
Ч Ee is the use of daisy chain discussed 
гар! EL In Fig. 13.17, we havean inter- 
nable/Disable (ED) flip-flop which сап 

€ set or reset by the CPU. Тһе Q output of 


this flip-flop is passed through the interface 
circuits (cards) of the I/O devices ir a pre- 
determined order in which the priorities are 
required. The closest card (electrically) to 
the ЕР F/F gets the highest priority. Тһе 
ENIN (Enable In) signal (Fig. 13.17) entering 
a device interface card, if true, indicates that 
there are no devices to the left (in the chain 
of Fig. 13.17) needing tbe interrupt and hence 
current device can cause the interrupt, if it. is 
not masked off (mask F|F=1). The interrupt 
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logic present іп the interface card performs 
the following tasks : 

(a) If the interrupt is not masked off 

(MASK F/Fe1) and flag F/F is 1, 
then it es the interrupt request 
to the CPU by raising the INT line 
(The INT lines of allthe cards can 
be OR tied), 
Provides ENOUT line to be used as 
ENIN line by the next interface card 
in the daisy chain, ENOUT logic is 
shown in Fig. 13.17. 

CPU recognises the interrupt interro- 
gating the INT line (a 0 on the line in- 
dicates the interrupt condition). The address 
of the interrupting device is put out on the 
bus by INT signal thus informing the CPU 
about the interrupting device, СРО may use 
this address to form the address of the fixed 
location (associated with interrupt) from 
where the interrupt instruction is to be exe- 
cuted. The service routine may disable all the 
further interrupts by making ED line 0 (by 
resetting ED flip-flop) or it may selectively 
reset the Masks of various interrupts. 


13.73 Channels and 1/О Processors 
The third mode of 1/O communication is 
the use of I/O channels, designed to carry 
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out the data transfer (independent of CPI 
between I/O devices and the main memo 
Use of channels not only relieves the CPI 
almost completely from the 1/О activity, Bt 
its use is inevitable in certain cases where Й 
CPU cannot carry out 1/O with some de 
due to the high data transfer rates involved 
(For example, in case of magnetic tape 0 
disk devices). 


The channels can be designed with v 
complexities. Simplest of the channels 
DMA channels, A DMA channel hardware 
consists of an address register (to indicate th 
main memory address) word count registi 
(to indicate the number of words to | 
transferred) and a register for holding the 
address of the device for which data transfer 
is to be carried ош. DMA channels ай 
usually used to carry out a block transfer 0 
data, CPU has instructions to initiallise t 
DMA channel registers to the required values, 
After the initiallisation CPU gives go ahea 
(start I/O) instruction to the DMA channel 
The DMA channel looks at the flag (by hard 
ware logic) of the selected device and if the 
flag is 1, initiates an access cycle to the шаш 
memory to carry out the data transfer, r 


Device select code 


Address to main memory 


Memory cycle requestsignals 


Cycle complete (from memor y) 
Device flag of selected device 
(Data transfer request) 


ODE DATA ADDRESS 


IRPUT/OUTPUT DEVICES AND SYSTEMS 
о 78 
32 36 37 39 40 


(а) CCW FORMAT 


4 7 


(b) CAW 


n 
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FORMAT 


FIG. 1349 CCW/ САМ FORMATS 


The memory access logic in the ОМА 
channel generates memory cycles at the rate 
of device (by looking at the device flag). 
Since the CPU is also executing some 
program, the DMA channel and CPU may 
request memory access simultaneously. In 
Such cases, priority is given to the channel 
and CPU simply waits (hardware wait), This 
way DMA steals one memory cycle from CPU 
(CPU would have otherwise got the memory 
Cycle) and carries out the data transfer. The 
access method just discussed is called cycle 
stealing (since DMA channel steal memory 
cycles from CPU), Іп simpler designs, when 
DMA needs an access to the main memory, 
it may simply stop the CPU clock, irrespective 
of whether the CPU needs memory cycle or 
not, thus putting it in the wait state. The 
CPU is started when DMA cycle is complete. 
The block diagram of a DMA channel is 
Shown in Fig. 13.18. Some machines have 
more sophisticated channels. The DMA 
channel discussed here is passive, while the 
ЦО channels used іп ІВМ 360/370 machine 
are highly sophisticated, These channels like 
CPU can execute their programs. The (BM 
360/370 channels have double word (64 bits) 
commands (channel instructions are termed 
аз commands), The command format of these 
channels is shown in Fig, 13.19 (а). Here the 
Operation code part indicates the operation 
to be performed on the I/O device. Besides 
the usual read and write operations, а number 
of other operations could be coded in the 


channel command word (CCW) opcode. These 
will depend upon the device being serviced by 
the channel. For example, in case of 
magnetic tape devices, the opcodes could 
indicate rewinding of the tape, skipping the 
block of data etc. Similarly in the disk 
devices, they could code scek, select a given 
cylinder and so on. 


To carry out an I/O operation, the ІВМ 
360/370 CPU, just issues a SIO (Start 10) 
instruction to the channel, This instruction 
specifies the device and channel numbers 
taking part in the 1/0 operation, Channel 
control logic finds out the status of the 
channel and if it is free, channel starts the 
IJO operation, otherwise the appropriate 
message code is returned to the CPU. The 
channel carries out an 1/0 operations by 
executing the channel program, The starting 
address of the channel program із indicated 
by the channel address word (CAW) prestored 
in the location 64. Fig, 13.19 (b) shows е, 
CAW format. 

The hardware and other details of these 
channels are beyond the scope of this book. 
Interested readers may refer to the biblio- 
graphy given at the end of the book. 


ЏО Processors 

The channels discussed in the earlier 
discussion can independently carry out the 
ЏО operations without much of the CPU's 
help (except in the beginning or end of the 
block transfer and when error conditions 
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occur). The use of ап I/O processor for ЦО 
operation is one step fu.ther in this direction. 
The I/O processor is by itself a processing 
unit like CPU and it is capable of carrying 
out data formating and editing functions, 
besides, it can completely look after the I/O 
operations including the handling of error 
conditions, The examples of a computer 
system using I/O processors is the famous 
large scale scientific machine CDC 7600 
which have a number of I/O processors, 


138 ERROR DETECTION 
CORRECTION 


Error detection is the process of detecting 
signals which are different from those appear- 
ing in a properly operating system. Errors 
may occur due to permanent or intermittent 
faults in components of a system. In digital 
computers, errors in data can occur due to 
faults in digital circuits, corruption of data 
in storage media or malalignment of a medium 
with respect to the read/write head, Also 
dust particles on the medium may cause 
errors in the data. 


The probability of errors occurring within 
CPU is much smaller than the probability of 
errors occurring in the main memory or I/O 
devices. It is a common practice in almost 
all computers to have error detection logic 
included in magnetic tape/disk device inter- 
faces and main memory systems, Some 
machines also employ the error correction 
circuits for the main memories. In this section, 
we shall study the coding techniques for 
single error detection and correction. 


13.8.1. Parity Checks 


We discuss here the parity checking 
scheme which is most popular in its use, 
In parity checking, we associate additional 
digit or digits called as parity digit or digits 
with the information (message). A parity 
digit is chosen to satisfy certain criteria. In 
case of binary data, the value of a parity bit 
is chosen such that, the total number of 1% 
in the parity coded message is either even or 
odd. When the number of l's is even, the 


AND 
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checking scheme is called even parity check. 
On the other hand, if the number of 15815 
odd, the checking scheme is called odd parity 
check. 


Example 13,1: Using (i) even and (ii) 
odd parity checks find the parity bit for the 
message 11011011. 


(i) Parity bit for even parity—0 
(ii) Parity bit for odd parity=1 
The coded message is : 


Message bit Parity bit 
11011011 0 
11011011 1 


13.9.2. Single Error Detection 


Error occurring in a single bit can be 
easily detected using parity checks, The parity 
bit p for even parity check can be expressed 
88: 

р=а,ФазФа,Ө...а-1 (13.1) 
where do, а1...ён-і аге n. bits of the message 
and Ф denotes (һе XOR operation, Similarly 
the parity bit for odd parity scheme is given 
by 


дт-аФа,ФаҙӨ.,,а,-1Ө 1 ...(13.2) 


Error detection using parity checks is 
carried out as follows. At the transmitting 
end, the parity check bit for a data word 
(message) is calculated using one of the above 
parity check equations and the parity coded 
message (the data word with its parity bit) is 
transmitted. At the receiving end, the parity 
bit is calculated for the reccived message 
bits. This parity bit is compared with the 
incoming parity bit for the equality, and if 
they do not match, an error indication is 
given. 

Example 13.2: Consider the even parity 
check on the data 10101101. 

The parity bit p is : 

р--1090Ф100%161%90%1--і, 

Thus the parity coded word is 10101101 І 
(where the right most bit is the parity bit). 


Let the message received be 111011011. 
is Из eh саль ае with an error 10 


even parity 
odd parity, 
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one bit. The parity bit р, is calculated at the 
receiver and is compared with the incoming 
parity bit. 


Thus р-=1ФІФІФОФІФІФОФ 1=0 


The p. value (ie. 0) differs from the 
incoming parity bit (i.e. 1) and hence there 
exists an error in the reccived message. 


The parity checking schemes discussed can 
detect any single bit error, or errors in the 
odd number of bits. This is possible because 
any change in a single bit or a change in the 
odd number of bits of the message will cause 
change in the parity calculated at the receiver 
(this happens due to the property of XOR 
operation), On the other hand, if there 
exists even number of errors, the parity bit 
value calculated at the receiver will be 
the same as that of the received parity bit, 
and thus no error indication will be given 
Thus parity check (with single parity bit) 
cannot detect even number of errors, Parity 
circuits are easy to implement (implementa- 
tion of equation 13.1 or 13.2) using XOR 


gates and their design is left to the readers. 


13.8.3. Single Error Correcting Hamming 
Codes 


Hamming was the pioneer in the field of 
error detection and correction in digital 
communication systems. Hamming formal- 
lised various ideas in coding and gave number 
of results on the error detecting and correct- 
ing capabilities of codes, In the present 
section, we informaliy discuss the single 
error correcting codes (for binary cases) 
Invented by Hamming. 


, To bring out the concepts involved іп 
single error correcting Hamming codes, Ме 
Present the foilowing 7-bit message to the 
readers : 


Let us make one error in a bit say be of 
the message. The message received with this 
error, thus will be 


b b b b 


1 1 1 0 к 0 1 
“------------------------------ 
Now we define the three parity relations as 
follows and evaluate the parities ру, ps and рі 
with these relations for the received message. 


Ps=bi@ bs bo b: (13,3) 
Ра--ізФізФіФі ...(13.4) 
pi bi bs bs @ br (13.5) 


Evaluating py, pp and р; for the erroneous 
message we have, 


p=0616161—1 

p061616121 

р=1@1@1@1=0 
The binary number formed by ppspi is 110, 
This number is same as the position number 
of the erroneous biti,e., by. Thus, by calcu- 
lating ра, ра and p; we know the position of 
erroneous bit in the message, and the correct 
message can be obtained by complementing 
the erroneous bit, On the other hand, if the 
received message is same as the original 
message, рарар Will yield а number 000, 
indicating no error, 


The message taken for the discussion was 
Hamming coded and therefore we could 
obtain the correct message. This message 
has 4 information bits in positions by,bs, be 
ind by, while oiber three bits іп the message 
are the parity bits. The coding of the 4-bit 
information is done using the following 
parity relations, i.e., three parity bits (in 
positions b; bs and by) are obtained using the 
following relations : 


b; — bs bs@ br 44.13.6) 
b,—b56 be b: ИТЭ) 
b,—b;G be® br 438) 


The 4-bit message with appropriate bit posi- 
tions is shown below: 
by be bs b, bs bs bi 
MOORE а. 


| Dur bao ue Xs 
Пин ВШ Жала унд 
The positions marked x are to be filled. 
Usirg Equations 13.6, 13.7 and 13.8, we have: 
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Һ--1Ө1Фі--і 
b—16061—0 
Бу--1ФОФ1--0 
The Hamming coded message thus 18: 


by be bs b, bs bs b; 


штээ 


The coded message has the single error 
correcting capability as illustrated earlier. 


In summary, what we have done is as 
follows, For a given 4-bit message, we 
calculated the three parity bits using the 
Equations 13.6, 13.7 and 13.8 at the transmit- 
ting end. This gave us the 7-bit Hamming 
coded message. The coded message is received 
at the receiver (may be with an error). At 
the receiver, we decoded the message by 
calculating the parities py. pa and р; using 
relations given in Equations 13.3, 13.4 and 
13,5. The number formed by py ра рі gave 
us the position of erroneous bit and from this 
we could obtain the correct message by 
complementing the erroneous bit. 


The error correcting capability of the 
Hamming code can be qualitatively explained 
as follows. We again consider the example 
message, where there was an error in the 69 
bit. A look at the Equatiors 13.6, 13,7 and 
13.8 tells us that they define even parities for 
the respective bit positions (bit positions 
occurring in the equations), і.е., the bits in 
(1, 3, 5, 7), (2, 3, 6, 7) and (4, 5, 6, 7) should 
have the even parities іп the transmitted 
message. At the receiver, we are just checking 
the violations of these parities using Equations 
13,3, 13.4 and 13.5. The violation of parities 
is indicated Бу p, ра and p; in position 
groups (4, 5, 6, 7), (2, 3, 6, 7) and (1, 3, 5, 7) 
respectively. 


In the earlier example message we had 
ра Ps р1=110. The information about error 
given by p4 ps Рі can be explained as follows. 
Any of the variables py, psor рі taking a 
value 1 indicates the violation of a corres- 
ponding parity relation. 
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Thus, 


pı=[1 implies an error in one of the bits 
by, bs, be or b; 


Pa=1 implies an error in one of the bits 
bs, bs, bg or b; 


P,—0 implies no error in any of the bits 
bi, bs, bs or by. 


Since there is no error in by, bs, bs, by (be 
cause ру==0), we can remove these bits from 
the lists of bits indicated by p, and ру, 

This gives ив: 


Ps=1 implies error in b, or bg 


Ps=1 implies error in b, ог 56 
Since there is single error (assumption) the 
error must be in a common bit indicated by 
+ and р». This gives us Бе as the erroneous 
it. 


The above discussion concerned only with 
coding of the 4-bit information. In general 
to code an n-bit message for single error 
correction, we require k parity check bits. 
The number k is given by : 


к= [орз (n 4-k)] 


where the notation [x] denotes the smallest 
integer 2x. For example, if we have 10-bit 
message to be Hamming coded, we shall 
require : 

k=[logs (10+k)] 
1.е., 4, check bits. 


Next step in coding is to place these check 
bits in the positions corresponding to the 
powers of 2, Le. check bits shall occupy 
positions 1, 2, 4, 8, 16, etc., in the coded 
message. This placing of check bits allows 
us to have only one unknown per parity 
equation (equations 13 6, 13.7 and 13.8), thus 
facilitating the easy evaluation of parities, 
The parity equations themselves are defined 
from the table of combinations of check bits. 
Table 13,3 gives the combinations of check 
bits for 7-bit Hamming coded message. 
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Table 13.3 


Positions 


A lina particular column and row indi- 
cates the bit position associated with the 
corresponding parity equations. Thus pa, Ps; 
Pi һауе 1 in their columns indicating bit 
groups (4, 5, 6, 7), (2, 3, 6, 7) and (1, 3, 5, 7) 
respectively. In a general case there may be 
less or more columns (check bits) and rows. 


Example 13,3 : Illustrate the Hamming 
coding for the 10 bit message 1011001110. 


Since we have 10 bits in original message, 
we shall require 4 parity bits. The parity 
bits shall be placed in the positions 1, 2,4 
and 8. The numbering of bits is arbitrary, 
Provided same conventions are used in the 
transmitting and receiving sides. Here we 
deliberately number the bits from left to right. 


bi ba bs b, bs bg by bg bo bio bir bis bis Вы 


ктото о) 


икен .. 


Ше parity check 'equations for coding are 
derived from the combinations of 4 check bits 
ав discussed earlier, thus 


ы by Ыз b, bs Рб 


00r OM o0 о 1ш 
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b;—by 6b; b; by @ bu Obi 
bibi by br b; by © bu 
b, b; bi br bis bis bu 
bye b; bio® b11 ® bii b bu 
Thus 


bi-16061609161-—0 
b-16161606160—0 
Б,--001916161%0--0 
їе--0ФОФ1Ө1Ө100--1 
These four values аге filled іп the message in 
the respective positions (marked x) and we 
get the Hamming coded message, given at the 
bottom of the page where bits circled are the 
parity bits, T 
Example 13.4 : In the Hamming coded 
message of Example 13.3, create an error in 
the position 11 and illustrate the error correc- 
tion. 
Due to the error in bit position 11 the 
received message shall be : 


b, ba bs b, bs bs by bs bs bio бп Би bis Вы 


The parity checks on this message gives : 
р,-0Ө1Ө0Ө1Ө0Ө061--1 
ра-0Ө19191909060-! 
ри-06061601919160--0 
рв--1606001 10-1 


This gives us ps P4 Pa різз 1011, i.e., eleventh 
pit. The correct message is obtained by 
complementing the 11 bit and hence the 


corrected message is 
bi bs bs b, bs Бе by bs by bio Ви Би bis би 


by bg bg Ро bn Piz 013 Dig 
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EXERCISES 


l. List the various I/O devices and give 
their purpose in the computer System. Give 
brief discussion about their functional charac- 
teristics. 


2. Magnetic tape and disk devices operate 
ata very high speed. Will the CPU be able 
to carry out the data transfer by programmed 
ЏО technique ? Discuss. 


3. What are the advantages of using 
interrupts over Programmed I/O? Discuss 
the various aspects, 


4. Tap and disk devices usually communi- 
cate through the I/0 channels. Why ? 


5. Discuss the interfacing of a teleprinter 
to computer. 


6. How will you interface a card reader ? 
How does the 80 byte data on a card shall be 
read ? -Discuss the Procedure to be followed 
and its hardware implications, 


7. Discuss the advantages of NRZ 
technique over RZ and RB recording 
techniques, 


8. The error detection and correction 
techniques discussed can be economically 


employed only when message lengths are 
small, Why ? 


9. The magnetic tape and disk devices 
store millions of bits. These are read serially 
and the Probability, of error occurring during 
read operation is unacceptably high. Can 
you suggest the way out ? Read the biblo- 
graphy on error detecting 


and correcting 
codes. 


10. Encode the 8-bit message 11010110 
into a single error correcting Hamming code. 


П. Find the erroneous bit in. the follow- 
ing Hamming coded message 


12 11 10 98765432 1 «іє numbers 
0 0 100110011 1 <message 


12. Encode the 32-bit message 4ABCy, 
into single error correcting Hamming code, 


13, Develop a logic circuit to implement 
a single error correction logic for a memory 
having 32-bit word length, 


14. Enco:le the 10-bit message 1011101110 
into a single error correcting Hamming 
code. 


15. Following Hamming coded message 
is received, Find whether the message is 
erroneous (assuming at most single error) or 
correct. Ifthe message is incorrect give the 
correct message 
1:203:45576:7/8. 9 10 11 12 bit positions 
ОООО Л. 1 0 1 message 


16. It is desired to check the adder in the 
ALU forsingle errors in the sum bits. Can 
you suggest the parity checking scheme for 
detecting single errors in the sum bits ? 


17. Suggest how to modify the FI (Fetch 
Instruction) cycle discussed іп Chapter 17, to 
incorporate the interrupt feature in HM 630, 


18. Repeat (17) for FETCH microroutine. 
19. Tick all the appropriate statements 
(Note : more than one statement may be 
true). 
(1) machine language instruction may 
require channels and I/O devices for 
their execution. 


never require channel as 1/O device 
for their executions. 
Require ALU for their execution. 
(iv) never use ALU, 
20. Recording data 
magnetic disks causes : 
(i) higher bit densities 
(ti) higher data transfer rates 
(iil) reduces the arm (head 
movements 
(iv; none of the above. 


(i!) 
(йі) 


cylinder-wise іп 


assembly) 
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MICROPROCESSORS 


14.1. INTRODUCTION 


This chapter discusses the latest develop- 
ment іп the computer technology, Ё.е., 
microprocessors. The rapid growth of 
semiconductor technology has made possible 
to build a complete processor on à single IC 
chip Such processors are called micro- 
processors. The prefix micro was attached 
to the processor in mid 70's due to its size 
and capability, but presently, what we 
have are microprocessors equalling or exceed- 
ing the computing and architectural facilities 
available on a conventional minicomputer, 
with the trend that, they will soon reach 
the computing power of a. CPU of large scale 
computer systems. 

In the present chapter, we shall discuss 
the most popular of the microprocessor 
families і.е., Intel Corporations 8080, 8085 
and 8086 microprocessors and some of their 
support components. 


14.2. 8080 MICROPROCESSOR AND 
ITS SUPPORT COMPONENTS 


The 8080 microprocessor was introduced 
by Intel Corporation in 1973. It is fabricated 
on a single LSI chip and has 72 machine 
language instructions. Тһе 8080 processor is 
packaged in a 40-pin DIP (dual in line) 
package and allows easy interfacing of other 


— Material of this chapter is printed by р 


ermission of Intel Corporation, 


(23) 


circuit elements, 8080 chip has 16-bit address 
bus and a separate 8-bit data bus and various 
control pins. It can address upto 64K bytes 
(1 byte=8 bits) of memory and 256 input 
and 256 output devices. It has seven, 8-bit 
general purpose registers, six of them could 
be used in pairs to from 16-bit registers, 
14.2.1. Archjtecture 

The main memory of 8080 processor is 
organised as 8-bit locations (bytes). Each 
byte has а unique 16-bit address. The 8080 
can directly access upto 64K (1 K=1024) 
bytes of memory which may consists of 
ROMs and RAMs. 

The 8080 has instructions with one, tw9 
or three bytes in length, A multiple byte 
instruction resides in consecutive memory 
locations. The various instruction. formats 


are as follows : 
16543210 


Byte ! | Opcode | 1-Буге instruction 


эе: | data/address | 


Copyright 1977, 1979, 


2-byte instruction 


EIS] 
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1 
Вуіе І | Орсоде | 3-byte 
| instruction 
Byte 2 | low order byte | 
16-bit address/ 
data 


Byte 3 | high order byte | | 


The 8080 processor has 7 registers which 
are listed below. They are referred in the 
instructions by 3-bit codes (part of the 


opcode) given below : 
Register Length 3-bit code 
A 8 bits 111 
B 8 bits 000 
с 8 bits 001 
D 8 bits 010 
E 8 bits 011 
H 8 bits 100 
I 8 bits 101 


Also, the six of three registers (excluding 
A register) can be addressed as pairs to refer 
the 16-bit data. These register pairs (rp) are 
addressed by 2-bit code given below : 


Register Pair 2-bit code 
BC 00 
DE 01 
HL 10 


SP (stack pointer) 11 


There are 5 condition flags in 8080 and 
these are listed and described as follows : 


Flag Description 
2 Zero: This flag is set if the 
result of an operation 


is zero, otherwise it is 


reset. 
Flag Description 
СУ Carry: This flag is set ава 


result of a carry from 
the most significant bit. 
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S Sign : Sign of the result 
AC Auxiliary: Carry from bit number 
3: 
Р Parity: It is set when there 


exists even number of 
Is in the result, other- 
wise it is reset. 


These flags are affected after the execution 
of. certain instructions, while some instruc- 
tions do not affect the flags. 


ADDRESSING MODES 


8080 has the following four addressing 
modes. 


Direct addressing 
Register addressing 
Register indirect 
Immediate addressing. 


In direct addressing, the 16-bit address 
is specified in byte 2 and byte 3 of the 
instruction word. Byte 3 holds the higher 
order part and byte 2 holds the lower address 
part of the operand address. 


In register addressing mode, the address 
of the register or register pair is specified by 
the 3-bit or 2-bit code respectively. 


Register indirect addressing allows 
addressing of the operand in main memory 
location whose address is specified in a 
register pair. 


In the immediate addressing, the 8 or 16-bit 
data is available in the instruction word. 


Instruction Set 


The list of the machine language instruc- 
tions with their brief description is given in 
Table 14.1. More details, if required can be 
found from the manufacturer's reference 
manual, 
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TABLE 14.1 
8080/8085 Instruction Set 
Instruction Code Clock 
Mnemonic Description Di Dg Dy Dy Dy Dy Dy Do Cycles 
MOVE, LOAD, AND STORE 
MOVE гі, r2 Move register to register 0 І р р р 5 8 8 5 
МОУ М, т Move register to memory Тиям р Ва к 7 
MOV r, М Move memory to register ол. Б> д.а б 7 
MVI 7 Move immediate register 00DDDI! 10 7 
МУІ М Move immediate memory 0. 0,4. Оч 5 0 10 
LXI B Load immediate register 0.020 0.0,0 0 1 10 
Pair B and C 
LXI D Load immediate register 00010001 10 
Pair D and E 
LXI H Load immediate register 00100001 10 
Pair Н and L 
STAX B Store А indirect 0 0-0-0: 050 1 0 7 
STAX D Store A indirect Crore Мр; [ию 9 7 
І рАХ В Load А indirect 00001010 7 
LDAX D Load A indirect 0.070. 1 101 0 1 
STA Store A direct 0 0-5. 15050 0 9 13 
LDA Load A direct 0 06 -b 214.0 1-0 13 
SHLD Store H and L direct 0-0::1,0:0:0:-1-0 16 
LHLD Load-H and L direct 00.41 0 120 1 0 16 
XCHG Exchange D and E, Hand 1 І 1 04:90 1: 1 4 
registers 
STACK OPERATIONS 
PUSH B ! — Push register Pair B and C pL umm 0 11 
on stack 
PUSH D Push register pair D and E да а nu 1 11 
on stack 
PUSHH Push register pair H and L qw Б МД кус 1540: | 11 
on stack | г 
PUSH PSW Push A and Flags on stack тәте өза 0 1 li 
POP B Pop register pair В and C 151095021050 0-1 10 
off stack 
POP D Pop register pair D and E 1^1 7070177010707 1 10 
off stack 
POPH Pop register pair H and L 1:4:41:05080:-0 1 10 
off stack 
POP PSW Pop A and Flags off stack pspoéngmos.: 041 10 
XTHL Exchange Gtop ЛоГ stack . polo 9-9 0 1 ! 18 


H and L : 
All mnemonics copyright Intel Corporation 1977. 
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Instruction Code Clock 
Mnemonic Description Р. Ds Ds D, Рз Р» Р; Do Cycles 
SPHL H and L to stack pointer 1210 0 1 5 
LXI SP Load immediate stack Do 1101-0 0 0 1 10 
pointer 
INX SP Increment stack pointer Jo oe) Oye 00 1 І 5 
DCXSP . Decrement stack pointer Шын --0--1- 1 5 
е тала: fe eran o aaa 
1МР Jump unconditional ISI DD UO 1 1 10 
JC Jump on carry Poa UI I-0 1 0 10 
JNC Jump on no carry Лы О 90 1 0 10 
JZ Jump on zero IRSE 0 1.0 1 о 10 
JNZ р Jump on по zero ID wULO-0 1.0 10 
JP Jump on positive NET I1 0-0.1 0 10 
JM Jump on minus ined ЕЕ 1 0 10 
JPE Jump on parity even DSTI) 1 0 10 
JPO Jump on parity odd eet uo. Ot. 0 10 
PCHL Hand L to program counter 1 1 1 0 1 00 1 5 
CALL 
CALL Call unconditional Eu ААЙ ИШ 1 17 
GC Call on carry Lon Ub 1-0 0 11/17 
CNC Call on no carry 15:21::53:1:50:1-0 0 11/17 
CZ Call on zero асада о 0 11/17 
CNZ Call on no zero Io1502090 1.0 0 11/17 
CP Call on positive ага. 0 11/17 
CM Call on minus LRL L0 0 11/17 
CPE Call on parity even Баева 0 0 11/17 
CPO Call on parity odd poro 070-1-0 0 11/17 
ТТ ТС PON tO ИМВВЕНКОАОТВ 02 
КЕТ Return Гайда AO 0.1 10 
ЕС Return on carry 117031140 0 0 5/11 
RNC Return on no carry 11::15:0:1-0::9 0 0 5/11 
RZ Return on zero НОЮ отого 5/11 
RNZ Return on no zero 11000000 5/11 
RP Return on positive 121 13120250 0 0 5/11 
RM Return on minus boh dag 14:70. 0 0 5/11 
RPE Return on parity even 15411 121450: 5-0 0.0 5111 
ЕРО Return on parity odd K 1.139070..0.-0 5/11 
Е 120277 WESSPFANT OW. ЕЭ ҮГ а O кы 
RST Restart eS <a 
INCREMENT AND DECREMENT | — aa c 0-2 
INR r Increment register ооррр1оро 5 
DCRr Decrement register 00DDD 10 1 5 


А!! mnemonics copyright Intel Corporation 1977. 


OCESSO 
ОРЕ 55088 224 


Instruction Code Clock 


Mnemonic Descri ption р, De Ds Dy Dy Ds Р, Do Cyeles 
INR M Increment memory 00110100 10 
DCR M Decrement memory 0:0::1:1:10:4 O 4 10 
INX B Increment B and C registers 0 0 0 0 0 0 І 1 5 
INX D Increment D and E registers 0 0 0 1 0 0 І | 5 
INX Н Increment Н and L registers 0 0 1 00011 5 
DCX B Decrement B and C 00001 01 І 5 
DCX D Decrement D and E 00011011 5 
— ADD ЧИ уа 178705 cam TIME. 
ADDr Add register to А 1 00 0 0 5 5 5 4 
ADCr Add register to А with carry 10001 5 5 5 4 
ADD М Add memory to А 10000 1 1 0 7 
ADC М Add memory to A with carry 1 0.00 1 І І 0 7 
АР! Add immediate to A iT 0: 0 0-271 0 7 
ACI Add immediate to A 1:1-0 Од йл 1) 0 7 
with carry 
DADB Add B and C to H and L 0:0-00-.170-0-1 to 
DAD D Add D and E to H and L 00011001 ю 
DADH Add H and L to H and L 0 0.148 0 1 10 
DAD SP Add stack pointer 0.0. 1 L 1a 0 1 10 
to H and L 
Е шеста ПС эр IE 234 
po арала SC eee E, Vli: 
SUB r Subtract register from A 100105 5 5 4 
ЅВВ r Subtract register from А 1 0 0 1 1 5 5 5 4 
with borrow 
SUB M Subtract memory from A 10010110 7 
SBB М Subtract memory from A 107156: 1149 м" 0 7 
with borrow 
SUI Subtract immediate from А іе ваб? ЧӨӨТ 29 7 
581 Subtract immediate from А p абата ч 0 T 
ИСА аа наь тавараў SUM ар 5 
АМА г Add register with A 10 1 0 0 5 5 5 4 
ХВА г Exclusive or register with A | 09179 T'"S- S.S 4 
ORA r Or register with A 150: pep OCS S S 4 
CMP r Compare register with А ET AC S сес 5-6 4 
ANA М Add memory with А үгө 105 Oxo 0 7 
ХВА М Exclusive ог memory Wh A gu 0150 d CIT 7 
ORA M Or memory with A ІЗ ОРТ ША ағ 1 0 7 
СМР М Compare memory with A ТОН atic К з 0 7 


All mnemonics copyright Intel Corporation 1977. 
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Instruction Code Clock 
Mnemonir Descrition D Рв Ds D; Ds Р» Р. Do Cycles 
ANI And immediate with A оо IL 1 0 7 
XRI Exclusive or immediate with A 1 1 1 0 1 І І 0 7 
ORI Or immediate with A lade testes Onl 1 0 7 
СРІ Compare immediate with A Ре! 12 1:24 A 0 PE 7 
ROTATE 
RLC Rotate A left 00000111 4 
ККС Rotate A right 08508108 :0721::1:1 1 4 
RAL Rotate A left through carry 004290510111 4 
ВАК Rotate А right through сату 0 0 0 1 1: PL 1 4 
| SPECIALS Т 
СМА Complement А CO Or oe a 1.1 4 
STC Set carry ООРГО. 1. 1 4 
CMC Complement carry ОСО wider 154. 1 1 4 
DAA Decimal adjust A OOO. OA 1 1 4 
INPUT/CUTPUT 

IN Input 1 0 090:1 1 10 

OUT Output 1 0 0150; 1. 1 10 
CONTROL 

EI Enable Interrupts Mum е 10 1 1 4 
DI Disable Interrupt ТОГОО 2р: 1 4 
МОР No-operation фар 0070; 0 0 4 
HLT Halt orig pO 1 0 7 


All mnemonics copyright Intel Corporation 1977 


Note : 


SSS or DDD gives 3-bit source or destination register codes respectively. 


M stands for location whose address is in HL Pair. 


14 2.3. Hardware Architecture 


This section discusses the hardware design 
of a microcomputer using the 8080 processor 
and its family components. Before the 
discussion of the design of а microcomputer, 
we present the basic LSI circuit chips which 
are required to form the microcomputer. 


8080 PROCESSOR CHIP 


The Intel 8080 processor chip is fabricated 
using n-channel MOS technology. The 
functional block diagram of the 8080 
processor and the pin definitions of the chip 
are shown іп Fig. 14,1. 

Data and Address Bus 

These are data and addressbus lines with 
tri-state capability, and they provide the bi- 
directional 8-bit data communication between 
the processor chip and the outside devices 
(memory or I/O device: as per the address 


Ж 


on address bus) Also, during the first 
clock of every machine cycle, the 8080 
processor outputs a status word on the data 
bus, Thestatus word gives the information 
about the current machine cycle. 
SYNC 

This signal indicates the beginning of а 
machine cycle and it can be used to clock the 
status word (available on data bus) into the 
external register. 


DBIN 

The DBIN (Data Bus In) signal indicates 
to the external circuits that the data bus is 
іп the input mode. This signal should be 
used to enable the gating of the data on to the 
8080 data bus from memory or 1/O devices. 
WR 

The WR signal indicates that the data bus 
contains the data (from the 8030 processor) 
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which could be transferred to 1/O or memory 
devices, This is active low signal (bar on WR). 
In other words, data bus contains the data 
till tnis pin is at the logical 0 level. 


READY and WAIT 


READY signalif made 0, puts the 8080 
into the WAIT state (8080 temporarily sus- 
pends its activity), The processor remains 
in the wait state till the ready signal goes 
high (logical 1). The wait state of the 
processor is acknowledged by 8080 by 
producing a active high signal (logical 1) on 
the WAIT pin. 

READY signal could be used to sychro- 
nise the 8080 processor with slow speed 
devices, For example, if 8080 wants a data 
from a memory device which requires more 
time than what 8080 normally allows, the 
8080 could be put into wait state by making 
READY line low, Тһе device puts the data 
on the data bus and raises the READY line 
to 1 state, and 8080 resumes its operation, 


HOLD and HLDA 


Hold signal requests the 8080 to enter 
into the HOLD state. Hold state of 8080 
allows.an external device (like DMA) to gain 
control of address and data buses as soon as 
the 8080 has completed the use of the buses 
for the current machine cycle. It puts the 
buses in the high impedance state. The 8080 
acknowledges this by giving ош а 1 on the 
HLDA (Hold Acknowledge) pin. 


INT and INTE 


The 8080 recognises an interrupt on the 
INT line at the end of the current instruction 
or while in HALT state, The interrupt is 
honoured only if it is enabled. The interrupt 
сап be enabled by executing the ЕІ (Enable 
Interrupt) instruction. The true output of 
the Enable flip-flop is available on INTE line, 


RESET 


The reset signal clears the program coun- 
ter and initialises the 8080 processor. This 
makes INTE, HLDA lines and program 


Eu 
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counter 0 and the program execution starts 
from locatior 0 as soon as RESET line ig 
made inactive. Note that none of the other 
registers are cleared by RESET signal. 


Vss, Үр» Vcc and Увв 


These are power supply lines. The required 
power supplies are (within +5% tolerance) 


Vpp= +12 V 
Үсс=+5 V 
Үрв=—5 У 
Vss = Ground (reference) 


6; and ба 
These аге the clock pulses to be externally 
supplied for the operation of 8080 chip. 


All the pins of 8080 processor chip are 
TTL compatible, except the two clock pulses, 
[7 and %». 


8224 Clock Generator for 8080 


The 8224 provides clock pulses ф; and фу 
to the 8080 CPU. Besides, it also provides” 
buffering (more driving capacity) for some 
signals. The block diagram of 8224 is shown 
in Fig. 142, The 8224 contains a crystal” 
controlled oscillator circuit, a divide by піпе 
counter, two (high level) drivers for ф; and [^ 
cand other logic circuits, The oscillator 
rcuit derives its basic operating frequency 
from an external series resonant, fundamėn- 
tal mode crystal, Two inputs are provided 
for the crystal connections (XTAL 1 and 
XTAL 2). The selection of crystal frequency 
depends on the speed at which 8080 is to be 
operated, Basically the oscillator frequency 
should be 9 times the frequency of the pulse. 
фі (ог $a). Fig. 14.3 shows the d; and ф 
clock waveforms with an example to illus- 
trate the selection of the crystal. Clock 
generator circuit consists of a synchronous 
divide by aine counter and associated 88 
to create the waveforms фу and фа (Fig. 143); 
The clocks фі and ¢2 are buffered through 
the high level driver. The sync signal comin 
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XTAL! — XTAL2 


OSCILLATOR 


EXAMPLE OSC FREQ = 18МН2 
1UNIT : 55ns 
фі width = 110ns 


фуетһ = 275ns 
CLOCK CYCLE = 55X9 а 4950s 


FIG 1463 Q, AND 9; WAVEFORMS 


from 8080 is gated with фі and is available 
) on pin 7. This 


as STSTB (status strobe 
signal can be used to clock the status word 


available on the data bus of 8080 into the 
external register. The asynchronous inputs 
RESIN (Reset In) and RDYIN (Ready in) 
are buffered in the flip-flops and are available 
as RESET and READY signals to be given 
to the processor. Fig, 14.4 shows the con- 


nection diagram of the 8224 with the 8080 
processor chip, The circuit provided on pin 
2 (RESIN) provides the automatic power ON 
reset, also manual reset signal can be given 
by the switch shown. The automatic power 
ON reset works as follows : When the power 
is put ON, the Үсс power supply (and also 
other supplies) will stabilise to 5 volts, but 
the voltage on pin 2 геасһев 5 volts much 
later due to RC circuit shown. When the 
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FIG.14:4 USE OF 8224 ІМ 8080 BASED CPU 


pin 2charges to certain threshold value, the 
8224 generates a pulse which gets latched 
into the rest flip-flop whose output provides 
the RESET signal to 8080 (Fig. 14:2). 


8228 System Controller and Bus Driver 


The 8228 is system controller and provides 
a buffering for the data bus. It generates all 
control signals required to directly interface 
RAM, ROM and I/O components. The block 


diagram of the 8228 logic is shown in Fig. 14.5. 


An 8-bit bidirectional bus driver is pro- 
vided to buffer the 8080 data bus. The 8080 
data bus pins have the logic 1 voltage require- 
ment of 3.3 volts (minimum) and can sink a 
maximum of 1.9 mA in the 0 state, thus 
limiting the number of chips, 8080 can drive. 
The 8228 data bus driver buffers the 8080 
data bus and provides the drive (sink) сара- 


BI-DIRECT. -Ф 080 |5У5ТЕМ 


BUS DRIVER 


519 165 8228 SYSTEM CONTROLLER AND 
BUS DRIVER 
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FIG. 14:6 STATUS WORDS FOR VARIOUS M/C CYCLES 


bility of 10 mA (typical). This allows а 
large number of memory or ЦО components 
to be connected directly to the buffered data 
bus, The bidirectional buffered data bus 
(system bus) drivers аге controlled by signals 
from the gating array. 


An 8-bit register is provided on the 8228 


to store the status byte which is available ор 
the data bus. It is latched into the register 
by the signal STSTB given by 8224. The 8-bit 
register drives the gating array which decodes 
the status information (о produce the control 
signals for memory and [/O devices, The 
gating array outputs the signals MEMR 


FIG. 14:7 8080 


BASED CPU 
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(Memory Read) MEMW (Memory Write), 
IOR (1/O Read), 1/09 (О Write) and INTA 
(Interrupt Acknowledge). These signals form 
the control bus of the system. The BUSEN 
signal is an external signal, This signal when 
not active (logical 1) puts the buses (system 
data bus and control bus) in the high impe- 
dance state, otherwise it keeps the data and 
control] buses іп the normal working mode. 
The status word for various machine cycles 
and the control signals actually generated by 
the gating array is shown in Fig, 14 6, from 
which the logic circuits in the gating array 
couid be easily workd out. 


Complete CPU diagram using 8080, 8224 
and 8228 chips is shown in Fig. 14.7. The 
complete CPU hardware interacting with the 
external devices could now be characterised 
by three buses, /.е,, address bus, system data 
bus aud control bus. The addition of memory 
and 1/O components to this hardware will 


Chip select input to be derived from 
address bus lines as per the 
address requirements 


81 
256X4 RAM 
RW OD 11-4 А0--47 
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make a microcomputer, 


Interfacing Memory and I/O Components to 
the CPU 


The memory and 1/О components сап be 
interfaced to the CPU easily through the 
three buses discussed, Fig. 14.8 shows the 
RAM and ROM interface diagram. 


The 8111 is а 256x4 RAM chip with 
bidirectional (common 1/0) data lines. The 
R/W line decides the read or write operation, 
while OD line when active disables the out- 
put drivers (in the 8111 chip), thus disconnec- 
ting the data bus from memory data lines, 
This allows some other device to put the data 
on the data bus, The 8 least significant bits 
of the address bus are connected to the 8 
address lines of 8111 while MEMW and 
MEMR control signals from the control bus 
are connected to R/W and OD lines of 8111 
respectively, Similarly 8316 ROMs can be 


CS3 
2KX8 ROM (52 


CONTROL BUS (6) 


ADDRESS BUS (16) 


FIG. 14:8 RAM/ ROM INTERFACE TO CPU 
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interfaced with minor variations in the control 
signal connections, 


. An I/O device interface with the CPU has 
also similar connections, The buffer register 
of the device is to be connected to the data 
bus and I/OR and I/OW lines аге to be used 
for data transfer. 


14.3. 8085 PROCESSOR 


8085 CPU chip contains more compo- 
nents than that on 8080 CPU cbip. These 
additional components completely eliminate 
the need for 8224 and .8228 chips which are 
required to form a CPU based on 8080 chip. 
Thus a single 8085 chip, by itself is а comp- 
Іше CPU. 8085 is upward compatible with 
8080 architecture, 1.6., the machine language 
and other facilities in 8080 are the subset of 
8085 machine language and other facilities, 
8085 has more interrupt sources unlike 8080 
and also it has two additional instructions, 
Thus any program running on 8080 can be 
run on 8085 based microcomputer but the 
3085 chip is not hardware compatible with 
8080 chip. 

14.3.2. 8085 Hardware Architecture 

The block diagram of the 8085.CPU chip 
is shown in Fig. 14.9. We shall now discuss 
the functional pin description of 8085 chip. 


Aus, Ajs... As (Address Bus) 


These lines are the most significant byte 
of the 16-bit address bus. 


Арц, ADs ... Аро ( Address/Data Bus) 


These lines carry the lower order byte of 
the address or data byte. These are bedirec- 
tional lines During the first clock pulse 
of every machine cycle, these lines carry the 
lower significant 8 bits of the address (other 
8 bits come on the Ais, Ам... As lines). At 
other time instances these lines carry the data 
and thus act as the bidirectional data bus. 


ALE 


The ALE (Address Latch Enable) signal 
occurs during the first clock of every machine 
cycle. It indicates that the lines ADr, АР... 
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AD, contain the address byte, The ALE 
signal is usually used to latch the least 
significant bits of the agaress into the 
external 8-bit register. 


S, and S; 


These lines indicate the operation Гог the 
data bus. The codes and their meanings аге 
as follows : 


5, S, 

0 0 HALT 
0 1 WRITE 
1 0 READ 
1 1 FETCH 


The S, line сап be ішегргейей as R/W 
line ín all bus transfers. 


This line indicates that the data bus is 
available to read tbe data from memory or 
1/0 components. 


WR 


This signal indicates that the data on the 
data bus is to be written into the memory or 
an I/O port. 

READY 

If the READY line is high during a read/ 
write cycle, it indicates to the CPU that 
memory or peripheral is ready to send or 
receive the data, If READY is low, CPU 


will wait for READY to go high before 
completing the read or write cycle. 


HOLD and HLDA 

Hold signal when true causes the 'RD. 
WR, ЦОМ, ALE and all the bus lines to go 
into the high impedance state. HLDA 
acknowledges the HOLD request, i.e, when 
HLDA is active the buses and control lines 
could be assumed to be in the high impe- 
dance state. 


INTR and INTA 


It is used asa general purpose interrupt 
line, Ifthisline is active, PC will be inhi- 


bited from being incremented and INTA 
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(Interrupt Acknowledge) will be issued to 
insert the CALL or RST instruction on to 
the data bus. 


RST 5,5, RST 6.5, RST 7.5 and TRAP 

RST 5.5, RST 6.5 RST 7.5 and TRAP are 
the four additional interrupt inputs available 
on 8085 processor. The priorities and the 
interrupt locations of these interrupts are as 
follows : 


Interrupt Line Interrupt Location 


TRAP highest priority 24) 

RST 7.5 2C)ie 

RST 65 34% 

RST 5.5 2C)i6 

INTR lowest priority Instruction to be 
supplied Бу the 
device. 


The interrupt due to TRAP is unmask- 
able, i.e., it cannot be disabled, while other 
interrupts can be enabled or disabled. 


RESET IN and RESET OUT 


The RESET IN signal resets the 8085 
CPU to the initial state. It clears the 
program counter, Interrupt Enable and 
HLDA flip-flops. None of the other 
registers or flip-flops are affected. The CPU 
remains in the HOLD condition as long as 
this signal is active (logical 0). The CPU 
starts the instruction execution as soon as 
this signal is made 1. The RESET OUT 
signal acknowledges the RESET IN, і.е, it 
indicates that the CPU is being reset. The 
RESET OUT signal сап be used as a reset 


signal for the other components of the system. 


Х: and Х, 

A crystal ог RC network can be con- 
nected on these pins for the internal clock 
generation. If an external clock is to be 
used, it should he connected to Ху. 


CLK 

The internal clock of the CPU is available 
on the line CLK. This can be used asa 
System clock. 


ТОМ 
The ІО|/М line indicates whether the read/ 
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write operation is with a memory or I/O 
device. This line goes to high impedance 
state during HOLD or HALT mode. 


SID and SOD 


The SID (Serial Input Data) SOD (Serial 
Output Data) lines provide a serial communi- 
cation link between the 8085 CPU and a 
serial I/O device like a teleprinter or à CRT 
terminal. The serial data transmission is done 
through the bit 7 of the A register, by execut- 
ing SIM or SOD instructions (to be discussed 
shortly). 


Veo and Vas 


Voo and V,, are +5 V and ground lines, 
The 5 У supply is to be connected between 


these lines. 


. MCS-85 System 


Minimum configuration of 8085 based 
microcomputer can be built using a small 
number of chips. The block diagram of such 
a system is shown in Fig. 14,10. Here we 
use 8-bit register (о latch the 8 тоз! signifi- 
cant 8 bits of address from Address/Data 
bus, The clocking of the data into the 
register is done by the ALE signal. This 8- 
bit address along with the 8 address bus lines 
form a l6 bit address. The 16-bit address 
can address the standard memory chips 
(A memory chip designed for 8085 based 
system has the above 8-bit address latch 
within the memory chip itself). The control 
signals RD, WR, ІЮ/М and READY give 
the control signals for communication with 
the I/O or memory devices аз per the discus- 
sion given earlier for these signals. 


14.33. Architecture 


As mentioned earlier 8085 processor is 
architecturally upward compatible with the 
8080 processor. In addition to the machine 
language instructions of 8080, 8085 has two 
more instructions. These are discussed in 
this section. For other instructions, {һе 
section on 8080 processor may be referred. 
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RESET IN. 


STANDARD + 
MEMORY 


ADDRESS 
(also CS) 


DATA 


ҒІб.14-10 8085 BASED MICROCOMPUTER 


RIM and SIM Instructions 


Besides the 8080 machine instructions, 
RIM (Read Interrupt Mask) and SIM (Set 
Intertupt Mask) аге the two additional ins- 
tructions available on 8085. These instruc- 


tions interact between the accumulater and 
the interrupt flag, masks and SID and SOD 
pins of the 8085 with А register bits' corres- 
pondance as follows for SIM instruction : 
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7 6 5 


Abbreviat 8 


SOD Serial Output Data 
SOE : Enable Serial Output Data 
X : Unused 


R 7.5 Reset RST 7,5 Interrupt 

MSE Mask Set Enable 

M 7.5 Mask Bit of RST 7.5 Inter- 
rupt 

M 6.5 Mask Bit of RST 6.5 Interrupt 

M 6.5 Mask Bit of RST 5.5 Inter- 


rupt. 
The bits 0, 1, 2 form the mask bits for the 


"interrupts RST 5.5, RST 6.5 and RST 7.5. 


7 6 5 


Serial data 
from SID line 


8080/8085 SAMPLE PROGRAM 

Based on the Algorithm 7.1 given in 
Chapter 7, a multiplication routine із presen- 
ted to multiply two 8-bit unsigned integers. 
The configuration of registers used in the 
algorithm is as follows : 


Interrupts pending 


4 3 2 1 0 
| op | sor | х [кэ | ме | mrs | мез | нээ | 
| 


The execution of the SIM instructions causes 
the data from the accumulater to be transfer- 
red to the mask register. The interrupts are 
disabled if MSE (bit 3) is 1 and the corres- 
ponding interrupt mask bits are made 0, 
1f the MSE bit is 0, the interrupt mask 
flip-flops cannot be changed by SIM instruc- 
tion. The 7th bit of accumulator appears 
on the SOD line if SOE (bit 6 of the A 
register) is also true. 


The execution of RIM instruction loads 
the interrupt and other flag masks in the 
accumulator in the format shown below : 


3 2 1 0 


КЕГЕ 
E 


“------- 


Interrupt Masks 


Interrupt Enoble 


0 initially Y 


C Register 
Address Code Label Opcode Operands Comments 
Mnemonic 

0000 26 08 MULT му! Н, 08 H<8 

0002 3A 20 00 LDA X | DeX 

0005 57 MOV D, A 

0006 ЗА 21 00 LDA ү, | CeY 

0009 4F MOV С,А М 

000А 06 00 МОЎ В, 00 Mem : 

000C 79 RPT MVI a С 1 Tof? ни ^ 

ФОР СА 15 00 3)" HIFT J then go to SHIPT 


All mnemonics copyright Intel С 


orporation 1977. 
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Address Code Label O pcode Operands Comments 
Mnemonic 
0012 78 MOv A, B | B<-B+D (i.e., 
0013 82 ADD D add X to partial 
0014 47 MOV В, А product) 
0015 78 SHIFT MOV А, B Shift BC 
0016 IF RAR right 
0017 47 MOV B,A by І 
0018 79 MOV A,C 
0019 ІЕ RAR | 
001А 4F MOV C,A J 
001B 25 DCR H Decrement H 
001C C2 0C 00 JNZ RPT 
001F 76 HLT 
0020 X DS 1 Declare 1 byte 
0021 Y" DS 1 Declare 1 byte 


АП mnemonics copyright Intel Corporation 1977. 


The program has three parts, The first 
part initialises the registers, In the second 
part, the least significant bit of register C is 
checked and if it is 1, X is added to the 
partial product (B register). After this, the 
BC register pair is shifted rigbt by 1 place. 
The last part of the program decrements Н 
register by 1 and repeats the program from 
label RPT, After 8 steps, the program halts, 
leaving the product in register pair BC. 


14.4. INTRODUCTION TO 8086 MICRO- 
ў PROCESOR 


The 8086 is a single chip 16-bit micro- 
processor developed by Intel Corporation 
recently. It has a large number of instructions 
and other architectural facilities, The hard- 
ware architecture of 8086 processor allows 
to build a multiprocessing system incorpora- 
ting a number of 8086 processors. In effect 
8086 based microcomputers can be designed 
with the capabilities far exceeding those of 
conventional ,minicomputers. Тһе earlier 
processors (8080/8085) due to their low cost 
were 1Чеа1 Гог on-line process control and 
other industrial applications (although they 
could also be used for larger computational 
work), the 8086 provides a low cost micro- 
computer system with high computational 
capabilities (8 to 10 times that of 8085) 


required in a data processing or scientific 
computational environment. 


Since 8086 has advanced architectural 
facilities, it is out of the scope of this book 
to discuss them in detail. 

The 8086 addresses the main memory through 

the concept of segments. Each segment is 64K 
long. A location in a segment is addressed 
by 16-bit address quantity (either displace- 
ment or a contents of a 16-bit register). 
There can be 4 active segments at any time. 
They are (i) program segment which contains 
the program, (іі) data segment, (i/i) stack 
segment and (iv) extra segment. There are 
4 segment registers. The starting address of 
a segment is given by 16 times the contents 
of a segment register. The 8086 has also 
index addressing. There are number of other 
registers and they could be used as 8-bit or 
16-bit registers. The 8086 has facilities to 
move data from one memory area to another, 
compare the data in two memory areas and 
many other instructions which are normally 
found on a large scale CPU. A powerful 
computer can be built using 8086 processor 
chips, 8089 I/O processor chips and other 
memory and 1/О components, The details of 
the chips can be found from the manu- 
facturer's reference manual and are left to 
readers. 
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EXERCISES 


1. Discuss the use of READY signal of 
8080. 

2. Develop a block diagram of a DMA 
channel to carry out DMA functions 
on the 8050 based microcomputer. 
Show clearly (һе connections of 
address, data and contro! buses, and 
use of the HOLD signal. 


3. Microprocessors could be used to carry 
out the variety of functions. Develop 
the required hardware and software to 
implement the switching function 

f=X+yz+wy 
(Hint : develop I/O port logic to read 
the variables x, у, апа z, and then 
write a program to evaluate the func- 
tion f and output f on the I/O port). 


What changes will be required in the design 

if you were to implement f=x' +wx y +zw. 

4. И is required to have a front panel for 
8080 based microcomputer discussed. 
Design the front panel logic to carry 
out the following functions : 

(i) Reading of any memory location on 
the panel display (use LEDS for 
display). 

(ii) Writing a data into any memory loca- 
tion from the panel switches. 

(iii) Facility to execute instructions in a 
step by step (execute one instruction 
at a time) mode by pressing a switch 
(named instruction). 

(iv) Facility to execute one machine cycle 
ofthe instruction by pressing a switch 
(named single cycle). 


5. 


10. 
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Using 8085 based microcomputer 
develop a block diagram of a data 
acquisition system, which can read the 
analog data from an analog channel. 


Repeat (6) for 8 analog cbannels. 


Develop hardware and software for 
connecting a teleprinter to the 8080 
based system (teleprinter details are 
given in Chapter 13). 


Repeat (7) for 8085 based system : 
(Hint : use SOD and SID lines). 


Write a program to read/print data 
from/to the teleprinter. 
Design the logic circuits using conven- 
tional ICs to implement the functions 
of 8224 and 8228 chips. 


A 8085 based microcomputer is to be 
used in a data acquisition system. One 
of the problems encountered is given 
below. 


There are three sources А, B and C 
from which signals are to be digitised 
and read in the memory. 


Signal A occurs every 0:2 to 2 ms. 
Signal B occurs every 1:5 to 5 ms. 
Signal C occurs every 4:5 to 10 ms. 


Explain how to slove the above pro- 
blem with the help of block diagram 
using 8085 based microcomputer. Show 
all the 1/0 port connections. Draw the 
flow-chart for the software part of the 


problem. 
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151. INTRODUCTION 


The need fora parallel data transfer bet- 
ween the CPU/Memory subsystem and out 
side world arises in every situation where a 
microprocessor is used. The system designers 
need devices which could be easily interfaced 
to the system while also keeping the chip 
countto a minimum. Many of the I/O chips 
are designed to provide specific application 
dependant tanctions with a programming flexi- 
bility to cater for variations in the functional 
parameters. Also some devices are designed 
to provide very basic primitive I/O capability, 
CPU implementing by program the rest of the 
functions for which the device is to be used. 


This із сові effective in the low end applica- the CPU in the output register. The register 
R Jour 4 
DATA BUS |} PUT | 8085 
! INPUTI 
LINFS 
J LINES 


(а) Unstrobed Output Schematic 


tions. Many such chips have large number of 
ЦО pins for usage. Since these devices are 
general purpose (not supporting any specific 
function), they could be used in variety of 
situations. We shall discuss the basic I/O 
requirement at lowest level of the system 1/O, 
ie, how data transfer could be carried out at 
circuit level. 


152. BASIC I/O MODES AT CIRCUIT 
LEVEL 
A simplest I/O function car be thought of 
as depositing or taking out data by the CPU 


from I/O registers as shown in Fig. 15.1. In 
Fig. 15.1 (a), the data is simply deposited by 


(b) Unstrobed input Schematic 


FIG. 15.1. UNSTROBED INPUT OUTPUT 
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output appears оп the output pins. Similarly 
the data read by CPU is put on the input port 
lines. In both these cases, neither CPU (when 
outputing) nor peripheral device informs of 
data ready condition. Data lines are changed 
without the knowledge of other device, We 
shall call this mode as simple I/O (also called 
as unstrobed I/O), This mode is easiest to 
program and data transfers are done usually in 
synchronism with some external devices like 
timers etc. Timers deciding when the data 
transfer should be made. Examples of such 
I/O are programmed keyboard encode function, 
driving a ladder network of DAC to produce 
analog output, certain control settings and 
status reading (reading status of some switches 
forming jumpers for addresses of terminals (or 
other devices). 

In contrast to the unstrobed 1/O, another 


way of I/O which is very common is strobed 


ADDRBUS 


——— 


ГО in which whenever data update is made, 
this action of updating is informed om а 
separate line used for the purpose Рог 
example, when CPU puts the data in tbe out- 
put buffer, a flag (бір-бор) is set to indicate 
this condition. Let us сай this flip-flop as 
Output Buffer ull (ОВЕ), This signal informs 
the peripheral device of the incoming data, It 
is expected that peripheral takes away this data 
and informs the output port by а return signal 
acknowledging the data reception by it. 


Upon receiving the acknowledge (ACK) 
signal OBF is made inactive so that the next 
data byte could be outputed by the CPU. 
Fig. 15.2 shows the logic schematic of the 
strobed input as well as output operations. 
Input operation requires а peripheral device to 
put the data on the port input lines, this con- 
dition is told by the signal STB which goes 


OBF (To Peripheral) 


Огт 


АСК 
(From Peripheral) 


1/0 LINES 
FROM PERIPHERAL 


STB (From Peripheral) 
1 B F (To Peripheral) 


FIG. 15.2. STROBED INPUT/OUTPUT OPERATION 
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active whenever a new piece of data із put. 
The input port uses STB as а loading clock 
and thus latches the data into its register, also 
“ТВ is used to set the flag called as IBF. This 
goes as a return signal to the device, which 


may be used for removing STB. CPU will 
look at IBF and if true execute an IN instruc- 
tion to get the data from the port into its 
register. 

In yet another mode, I/O could be done as 
bidirectional bus. It may be useful in situa- 
tions where a separate I/O bus is desired to be 
connected to a number oí 1/О devices to the 
1/О interface. Here 1/O pins will have capabi- 
lity to handle data in both the directions as 
per the handshake signals originated by the 
peripheral. Usually the data direction and 
control of. the bus (bus master) is in the hands 
of the peripheral and not the 1/O interface 
circuit. Fig. 15.3 shows the descrete logic 
diagram of such an I/O mode. 

When an 1/О bus does the I/O operation, 
the following events occur. They shall be 
separately described for input and output 
operations. 


Outpat 
1. CPU Checks if output buffer is full 
(OBF). 
8085 
BASED 
SYSTEM 


FIG. 
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2. Н ОВЕ-І, (Output Buffer Empty) 
then CPU wiites the data into the 
peripheral interface output buffer. 


3. The ОВЕ signal goes to the device and 
its activeness means a new data is there 
in the output port (buffer). 


4. Peripheral upon OBF asserts ACK 
(saying it is ready to receive the data). 
The interface uses ACK to enable its 
output tri-state drivers. 

5. Thus data is available on 1/О bus and 
the peripheral may take it. 

6, This ends one output I/O cycle on the 
bus. (Note that it is the peripheral 
and not the ГО interface which con- 
trols the bus). 

Input Operation 
1. The device puts its data on the I/O bus 


byasserting STB. This enables its tri- 
state drivers. 


2. Interface uses STB to strobe in the 
data into its input register. STB also 
sets an IBF flip-fiop. 


3. CPU looks at IBF and if 1 may execute 
an IN (Read) instruction. 


» 
1/0 BUS 
: LINES 
52 
пр 
| CONTROL 


EROR „| 


518 


15.3. BIDIRECTIONAL 1/О BUS 
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4, The above action of CPU will clear 
IBF and transfer the data into the 
CPU. 

5. Device may look at IBF and if 0 may 

initiate the next transfer. 

We shall now present a general purpose 
ЏО inteiface chip, 8255 called as parallel peri- 
pheral Interface (PPI). 

153. THE 8255 PPI 

The 8255 is a general purpose 1/О interface 
chip having three 8-bit I/O ports thus giving 
ЏО capability of 24 pins. Fig. 15.4 shows the 
basic block diagram and various functional 


AD? 
DATA BUS Дро 


24$ 


pins. The chip has standard CPU interface 
lines with two address pii; АіАд to be con- 
nected to the address bus of the system. Тһе 
chip thus can be accessed with 4 different port 
addresses to refer to the various ports and con- 
trol Registers. 


Ports A, B and C can operate in the basic 
unstrobed 1/O mode and are individually рго- 
grammable in mode O for input or output with 
additional facility that port C can be pro- 
grammed with each half of it individually pro- 
grammable. In strobed mode, the port acts as 
a control port providing control lines for ports 
А and B. In such a case, the chip has two 


FIG. 154. THE 8255 PPI BLOCK DIAGRAM 


TABLE 15.1. 8255 PORT ACCESSING 


Ау Ao 


WORD REC 


OUTPUT OPERATION 
RD-1, WR-0, CS=0 


DATA BUS TO PORT A 
DATA BUS TO PORT B 
DATA BUS TO PORT C 

DATA BUS TO CONTROL 


INPUT OPERATION 


RD-0, WR-1, CS=0 


PORT A TO DATA BUS 
PORT B TO DATA BUS 
PORT C TO DATA BUS 


ILLEGAL 
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groups of ports programmable in strobed mode 
called as group A (which includes port А аза 
data port and half of port C as control port 
for port A) and group B (here port Віза data 
port and half of port C acts as control). Both 

A and B has 8-bit latches (2 each), one 
for input and other for output. Port C bas 
only output latch and no input latch. Bits 0 
to 3 of port C (lower portion) are associated 
with group B, while bits 4 to 7 (upper half) are 
associated with group A. 

To select the device for operation with the 
CPU, CS must be made active. The bit А1 
and Ao of port address decides the source о! 
destination їп read or write operations from 
CPU. Table 15.1 summarises the data/control/ 
status transfer operation. 

In the output operation data goes to the 
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1531. Operational Medes of 8255 


The 8255 operates in all the three modes аз 
described earlier. All ports could be program- 
med in basic nonstrobed (called as mode O') 
input or output. Each 4 bit half of portC 
could be programmed individually in this mode 
as input or output. Fig. 15.5 shows the basic 
mode definition summary of 8255. 


The strobed I/O mode shall be referred 
here аз mode 1 while bidirectional I/O mode 
shall be referred as mode 2. Only port A can 
operate in mode 2. Port © bits could be set 
or reset individually by command word and 
this function shall-be termed as bit set/reset. 


There are two types of control words for 
8255. A contro] word having a | in MSB 
(bit 7) sets the basic operational modes of 8255 


port's output register, while in the input opera- — ports, while a control word with a ʻO’ in MSB 
tion the data from input register/input lines of activates bit set/reset of port C. 
a port is read by the CPU. 

MODE 0 PORT В PORT C PORT A  |Eachofthese 
group of Lines 
could he 
programmed 
as IN on OUT 

PB7-PBO РСЗ-РСО РС7--РСА РА7-РАО 
STROBED 1/0 
MODE 1 PORT C provides 
STROBED PORT B PORT C PORT A the required 
1/0 control lines 
PB7—PBO CONTROL LINES PA7-PAO 


FOR PORT A and B 


1/0 BUSMODE 
PORTB 

IN MODE О 
OR MODE 1 
CONTROL LINES 


PORT C Lines 


PORT A 


PORT A—in 
Bidirectional ко 
Bus Mode 
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WORD FOR 4 
| O RESET 


BIT 3Bit Binary Number 
SET/RESET Giving C PORT 1 SET 
FUNCTION ON Do not care Bit No. to be 

PORT C Set or Reset 


MODE 1 

PORT AIN MODE 2 
PORT A AS | NPUT ) 
PORT A AS OUTPUT 0 
PORT C(UPPER)AS OUTPUT 1 
PORT E (UPPER) AS INPUT 0 


А control word to $255 could be outputed 
if A1Ao bits of the address are both І'з. Thus 
if we assume that the chip is connected with 
GS active for 011000XX, then address 63 
tex will access the control word register of 
8255. Following program segment will do the 


job, of setting the mode for 8255. 
LDA CW 
our ӨН 


рв101010108 
су Defines PORT А 85 output 
port in 


СМ: 


PORT С (LOWER) 
1 INPUT 
0 OUTPUT 


PORT В 

t INPUT 
О OUTPT 
PORT 8 MODE 
о MODE O 
1MODE ! 


{ mode І, upper port C as input 
(always 
in mode 0 for pins not used for co- 
trol), port B 
in modc 0 and input mode, and 
lower port C as 
H output port. 

Mode 9 : Unstrobed 1/O 

The 8255 has 24 1/0 pins and there are 16 
ways these could be programmed as shown in 
Fig. 15.6. The control words required are also 
shown. 


-. 
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gontrol word Configuration 


10000000 B CL CH A 


8y 4v 4 8 


10000010 
10000011 
10091000 B CL CH A 
10001001 
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configuration 


в Сі сн А 


control word 
10010000 


[ошоо ] [вас л. 
[woo] (ьа он al 


ў 


Ван Цы cu a 


[10011011 | сі сн ^ 


FIG. 15.6. VARIOUS MODE 0 CONFIGURATIONS OF 8255 PORTS 


Mode 1 : Strobed I/O 


Both the ports А and B could be program- 
med in mode individually. Port C pins as 
designated acts as control lines and they will 
not operate in any mode even if programmed 
by control words. However, the unused port 


C pins could be usedas per the programming 
done for port С. If both the ports А and B 
are programmed to operate in mode І, each of 
them uses 3 lines each and thus only two lines 
of port C are unused. Fig. 15.7 shows the 
meaning of each ріп of the 8255 port lines in 
various mode І combinations, 
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CONROL WORD 


PORT BIN STBA 
MODE 1 INPUT EM 
INTRA 
PORT A IN 
ио 
MODE 1 INPUT 1/0 
STBB 
IBFB 
INTRE 
Y |Ровтв 
CONTROL WORD РА?-РАО 
1010С10Х ОВРА 
PORT A AND АСКА 
РОВТ 8 ВОТН WM. 
IN MODE1 ир 
OUT PUT М9 
АСКВ 
NOTE, C bit in OBFB 
Control word INTRB 
determines the 
PB7-PBO 


port е unused pins 
direction 
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CONTROL WORLD 
РА7-РАС 
ын 
PORT A IN 
STROBED Eu. 
INPUT 
PORT B уо 
IN STROBED 1/0 
OUT PUT OBFB 
ACKB 
INTRB 
PB7-PBO 
CONTROL WORD -2) pa7.PA0 
ОТА 
PORT A IN ACKA 
STROBED OUTPUT INTRA 
AND PORT 8 IN vo 
STROBED Vo 
IN PUT MODE таз 
IBFB 
INTRB 
(-—— ]P87-P80 


FIG. 15.7. THE 8255 MODE 1 COMBINATIONS 


[n mode 1, each of the ports A and B is 
provided with an interrupt output line. This 
could be used to interrupt the CPU for I/O 
service. Іп the input mode, INTR will be 
raised to indicate бе data ready (in the input 
buffer) condition, while in output mode, INTR 
will be raised to signal the output buffer empty 
condition, there by requesting the CPU to out- 
put another byte. 

The interrupt Enable/Disable flip-flops are 
also available. inside 8255 for both the ports, 
and they аге accessible as bit Set/Reset func- 
tion as if they were bits of output register of 


port C. 
f INTEA is controlled by 
FOR INPUT | bit set/reset of PC4 
MOD 
ӨР 1 ІМТЕВ із controlled by 
| bit set/reset of PC, 


Note that a І is required to enable an inter- 
rupt. Executing an bit set/reset on these bits 
does not affect the PC4 and РС» pins whatever 
mode port C might have been set. 
( INTE А controlled by 
FOR OUTPUT | bit set/reset of PCg 


MODE ! 
INTE B controlled by 


|. bit set/reset of PC» 
Strobed I/O by 8255 


Mode 1 Input by Port A 
Actions Pin РСв, РС; are not used and 


they will be available as per port C (upper) 
programmed mode 0 I/O. 
1. Data оп PA; PAO is put by an 
external device. This is indicated by 
STB, active signal put by the device. 
2. 8255 uses STB, (PCa ріп) as а load 
pulse for its input data Register. This 
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causes, the strobing in of the data 
into PORT А. (5ТВ, is given on pin 
РС. of port С). 

3. The acceptance of the data by 8255 
is notified and a flip-flop called IBF, is 
set whose output appears on PCs. 
State of this flip-flop is cleared to ‘0’ 
by every valid read by CPU on port 
А in mode І. 


4, In polled mode CPU checks if IBF=1 
and then reads the data. 


5. ІВЕ, may be used by the external 
device to transfer the next byte on port 
А lines, 1.е., next cycle must start only 
when IBF is low. 
Mode 1 Input by Port B 
Same as PORT A, except that port B pins 
carry data and STBs and ІВЕ» signals on pins 
PC, and PC; respectively are the control lines. 
Mode 1 Port А Output 
Тһе pins РС, and PCs of port C are not 
required in the mode 1 protocol, they are avail- 
able as normal mode О T/O pins. Direction 
is decided by the upper port C direction pro- 
grammed in the control word. 
Actions 


1. In the polled mode CPU checks ОВЕ, 
бога І (і.е, output Buffer not full) by 
status read. 


2. If OBF,—1 then CPU executes an out- 
put operation for port A. 

3. The write operation on port À causes 
ОВЕ, to go low (active) indicating the 
output buffer full, 

4. OBF, output pin (PCz) gets the value 
of ОВЕ,- 

5, The receiving device uses OBF, to 
clock in the data into its internal 
register, 
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6. Latching of the data is indicated by the 
device to 8255 by ACK, signal. 


7. 8255 uses АСКА to clear the ОВЕ, 
flip-flop, thus making OBF, to go in- 
active (high), to indicate the end of the 
current cycle, and the next cycle may 
be started, if required (OBF=1 means 
PORT A free andO means port A 
busy doing last operation). 


Mode 1: Port А as Output 


Same as port A except that port B pins 
PB;-PBO carries the data and OBFs, АСК» 
and INTRB signals names and actions are done 
by pins PC;, PC, and PCa respectively. The 
8255 Ports A and B could operate in of the 
four possible configuration. These are shown 
in Fig. 15.7. All the port C pin functions may 
please be noted carefully. 


Mode 2: Bidirection I/O Bus 

This mode is usually used to design an I/O 
system which communicates via common 1/О 
lines. I/O system may have devices of both 
types input as well as output and they want to 
communicate through the 1/О bus to 8255 and 
through 8255 to the CPU. Only PORT A 
can be configured in the bidirection I/O bus 
mode. Five pins of Рогі С are used for bus 
controlfunctions. Fig. 15.8 provides with the 
diagram showing all the signals making port 
A as bus. 


In the mode 2 8255 acts as slave as far a8 
bus control is concerned. It is supposed to 
keep port A outputs in-tri-state unless com- 
manded by the external device (device using the 
ЏО BUS), All the bus activity is handled by 
the four handshake signals two each for one 
direction of the data flow. Both input and 
output operations on the bus shall now 56 
presented, 
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1. 


CONTROL WORD 


EL 


X: do not care 
PORT A in THE STROBED 
BIDIRECTIONAL BUS 
MODE MUX 
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N BIDIRECTIONA! 
1/0BUS 


as per the Programming 
of PORT B mode 


Ae 
Э.РОВТ--В 


FIG. 158 THE 8255 PORT А ІМ BIDIRECTIONAL BUS MODE 


Output Operation of Port А in Mode 2 
Actions 


CPU will read (in the polled mode) the 
flag OBF (available. as а bit in the 
status word). 

If OBF-1 (output port finished last 
o/p operation) then CPU outputs the 
data іп the port А output buffer and 
this.sets the ОВЕ flag making ОВҒ, 
pin active low (ріп РС»). 


OBF, signal goes to the external 
device to indicate that there isa new 
data byte in PORT A output register. 
Note that this data is still not on PA7- 
PAO (these pins are stili in tri-state). 


. In response to OBF4—0, device gene- 


rates АСК active. 


. 8255 uses the АСКа signal to enable 


its output tri-state drivers. This thus 
puts the data on the pins РАт-РАе. 


. Data is taken by the peripheral device 


and АСК, is made inactive when 
ACK, becomes inactive (changes from 
Oto 1) the 8255 clears OBF flip-flop, 
making OBF inactive, thus ending the 
current output cycle. 


Input Operation of Port А in Mode 2 
Device check the condition of IBF, and if 


IBF, is (PCs) inactive (a logical О), it initiates 
an input I/O cycle as follows : 


Actions 
1, Device puts its data on the lines PAy- 
РА by enabling its tri-state drivers by 


а control signal (generated by it) 
8ТВ,. 


The change іп tne status of STB, ів 
recognised by the 8255 and it will latch 
the data on the PA7-PAọ lines into its 
input buffer. 


3, The 8255 also sets the interna! IBF, 
flip-flop in response to STBa. 

4. This informs the peripheral device 
putting the data on the bus about the 
data reception by 8255, 


5. Peripheral removes its STB, in response 
to IBF, doing active (high). 

6. CPU in the polled mode will read 
IBF, flag (by status read) and if 1 
assumes the valid new data іп the port 
A input register. 

7. This read by CPU will clear IBF flag 
thus ending one cycle. 
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Interrupt in Mode 2 

To operate the 8255 Mode 2 of port A, a 
common interruptsignal is provided to signal 
requirement of the CPU service. The pin 
PC, acts as INTRA will go active when IBF 
із high (data in the input buffer) for input 
data direction on the bidirectional I/O bus, ог 
when OBF =1 (out buffer empty hence need- 
ing the new data for transmission) in the out- 
put data direction. To keep the control over 
INTR two separate interrupt enable (IE) flip- 
flops are provided for each direction and inter- 
rupt can be generated only when the relevant 
IE flag is set. The flags can be set/reset by bit 
set/reset function on the port C. The port C 
(only for this function) bit allocation is as 
follows : 


PCy: IE; (Enable output direction inter- 
rupt). 

РСа: IE, (Enable input direction inter- 
rupt). 


IE; is associated with РС while IE, with 
РС. It should be noted that these flags do 
not affect in any manner the operation of these 
pins of port С. Only IF;, 1E? are addressed as 
if they were PCs, PC4 respectively for bit set/ 
reset function. 

15.32. Status Information in 8255 
Operation 

Port C read, when other ports are pro- 

grammed in mode І or 2 gives the status 
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information. In mode O, port C will transfer 
data to (from) CPU from (to) the peripheral 
connected the port C. The status word obtain- 
ed when port A/B are programmed in mode 
other than mode O isas follows. There are 
three possible interpretations depending upon 
the mode of A/B ports. The bit meaning is as 
follows : 


15.33. Applications of 8255 

In low end systems, 8255 could be used for 
programmed keyboard display functions. Fig. 
15.9 shows the usage of 8255 all operating in 
mode О. The chip select signal is derived from 
address combination 011000XX thus giving 
60H, 61H, 62H and 63H as port addressed. 
The 8255 having large number of I/O pins can 
serve as a powerful single chip solution to inter- 
faving problems in applications where support 
chips are either not available or 8255 provides 
addition pins for extra requirements. In such 
applications, CPU will be executing the actual 
function for which the 8255 is used, 8255 
providing only the necessary I/O capability. 
Key Board/Display Interfacing Using 8255 

8255 can drive a display/keyboard as shown 
in Fig. 159. Here keyboard is по! standard 
ASCII keyboard but small application 
dependant. 

In Fig. 15.9, the port A is configured as 
input port getting the 8 Return lines of the 


STATUS WORDS OF 8255 


07 
MODE1 
INPUT 


MODE1 


06 05 04 оз 


02 р ро 


отет | овға | wa | vo | vo | wm | єв | 2458 | mme | 
monez | ara | юу | вм | нэ [wm | P] PLA 


AS Defined for thePort B Mode 
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6x8 
Key board 


PORT A ІМРОТКАЎ 


PORT C OUT [ 1-1) 


LA 


FIG. 15.9. THE 8255 DRIVING KEYBOARD 
AND DISPLAY 


keyboard, while port B is driving the 8-bit 
(segment) display. Six lines from port C are 
used to carry out scan function. А Roting ‘О’ 
should be provided on these lines. Remaining 
tw» lines of the port C are one bit output lines 
and through the CPU program (along with a 
periodic interrupt). these could carry the serial 
data if desired or could do some control 
function. 

RESET Function for the circuit of Fig. 15.9 
is зеі с by the Routine RESET given below : 


RESET LDA CW 
OUT 63H 
RET 


PORT B IN 
N MODE 1 


OUT MODE O 


FIG. 15 10. 
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CW DB 1000 10008 set all port in 
mode О as 

desired 


Use of 8255 in Mode 1 

We shall use 8255 in a data acquisition 
system where there are 128 analog channels 
from which the data is to be acquired. We 
assume that channels are carrying slowly 
varying analog signals like ‘emperatures, pres- 
sures and other physical quantities. Thus the 
system is designed with a single ADC. The 
hardware set up is shown in Fig 15.10. 

In the present set up, port B is used in the 
strobed input mode (mode 1). ADC gets a 
sample/hold signal from 8255 pin PC; and if 
actived, starts the conversion. The ADC when 
ends the present conversion, informs 8255 by 
the active low end of conversion signal. This 
is connected to РСо (518) which acts аз 
strobe pulse for port В in mode І. 

Assuming usual port addresses (60H, 61H, 
62H, 63H) we present a program to set up the 
8255 for the desired configuration and also а 
program to perform scanning function to 
acquire data from the channels, Data acquiring 
is done at periodic intervals by executing an 
interrupt routine invoked by the timer inter- 
rupt. It is assumed that scan time necessary to 


128 ANALOG CHANNEL DATA ACQUISITION SYSTEM. 


ми.....г эт М 
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monitor ай the channels is very smal] compar- TRINT: PUSH PSW 


ed to the period of timer. PUSH B 
; RESET PROGRAM CALLED WHEN € 4 | 
SYSTEM RESET а зүй | 
; IS DONE XRA А  chno-0 (in 
RESET : LDA MODE CW E Reg) 
OUT 63H MOV Е, А sample enable 
RET bit and 
MODE CW : DB 10000110 B, port ch. по--0 
definitions. Ty's OUT 60H ; 
The functions of interrupt service program is NOP introduced to 
to read data from every channel and store them allow 
in the locations allocated. We shall havea NOP ; Mux to settle 
128 locations of RAM allocated for the MVI 80H start the 
purpose. XRA E conversion, 
(keep addr. of 
Steps of the service routine аге as follows : OUT 60H Мих changed 
1. — analog channel address on the WAIT: ІМ 62 status Read 
pot ee ANI 02  ;check Dy of 
2. Make sample signal 1 (active). status word 
3. Waitfor ADC conversion end signal JZ WAIT ; IBF41 
and transfer of ADC data to port B hence loop 
Reg. ; DATA IS READY AT THIS POINT AND 
4, Read in the port B. MAY BE 
5. Store the result in the location alloca- * READ 
ted for the channel. MOV A,E 
; FOLLOWING PROGRAM IS CALLED OUT 60H ; Remove 
BY TIMER INTERRUPT simple/hold 


S. SCANS ALL THE CHAN- IN 61H S ihe 
LXI Н, CHNMEM data from 


; E REGISTER I$ USED FOR CHAN- oen рогі В . 
NEL NUMBER (INDEX) MOV М.А | ын put in 
; ONLY 7 BITS OF E ARE RELEVANT , ) Мешогу 
: PORT ADDRESSES ARE 60H, 61H, DOM 
62H AND 63H FOR MOV AE 
; A, B, C AND CONTROL WORD ANI 80H 
; THIS IS BECAUSE 011000ХХ IS JNZ Ls ; all channels 
U ED FOR CHIP SELECT read 7 
: MEMORY USED TO STORE THE MOV A,E 


RESULT IS CHNMEM. JMP ц 
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Із : РОР H 
POP D 
POP B 
POP PSW 
RET 
CHNMEM DS 128 
Use of 8255 in Analog Output and Pro- 
grammed ADC Function 


A system with a DAC output could also be 
converted into an analog data acquisition, by 
implementing ADC function in software. The 
hardware support needed is minimal a DAC, 
driven by an unstrobed output port, and a one 
inport port line to read in the comparator out- 
put. Comparator compares the digital number 
outputed (corresponding analog voltage is 
available as DAC output) with the analog 
input. Ап ordered search of a number which 
will correspond with the given input voltage is 
to be tried by the microprocessor. Two algo- 
rithms are presented in Fig. 15.11 (а) and (5) 
while the necessary hardware is shown in Fig. 
15.12. 


SET READ MODE 


[ NUM-O | 


OUT NUM TO PORTB 
READ PORT C 
NO m MN 


; SEQUENTIAL SCAN АОС TRIES 
NUMBERS FROM O ONWARDS 


ТАПС : LDA Cw 
OUT 63H 
XRA A 

и: STA NUM 
OUT 61H 
IN 62H 
ANI 01 
RNZ 
LDA NUM 
INR А 
JMP Li 

cw DB 10000001B 


Binary search algorithm, tries numbers in a 
better manner The first number tried is in tho 
middle of the range, ie., Most significant bit 
1 and all other bits O's. This number is out- 
puted to DAC. The comparator will produco 
the output 0 іг Vin> VDAC, meaning that the 
number tried is smaller or equal to the desired 
number. In this case, this number should be 
modified to reflect the number in the middle of 


Sequential Search ADC (b) Binary Search 
g FIG. 1511. ADC ALGORITHMS 
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he half the range i.e., 110... 0 will be next 
number tried. If comparator gives out a l, it 
neans the number tried is larger and the next 
number should be in the other half of the 
range. іе, 010... 0 will be tried. The process 
is repeated till all bits are tried. Program is 
presented now. 
; PROGRAM FOR SUCCESSIVE 
APPROXIMATION ADC 
; В REG HOLDS THE NUMBER, 
WHILE C HOLDS SCAN 
BA DC: LDA CW 
OUT 63 H 
MVI B, 10000000B 
MOV С, B 
MOV A, B 
L2 : OUT 61H 
IN 62H ;trya number 
ANI 01 
IZ, LY 
MOV A, B 
XRA C 
MOV B, A 


Vin VDAC, go to LI 


Vin 


Binary 
Search 
ADC 
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Ll : MOVA,C 


RAR ; Rotate Scan 

MOV С, А 

RZ ; exit all bits tried 

ХВА B ;appenda І in the next 


MOV B, A; bit 
JMP L2 goto L2 for repeating 
DB 10000001B 
END 

Fig. 15.13. shows the descrete logic im- 
plementation of both the algorithms. 


15.4. THE 8155/8156 : RAM AND 1/О 
15.41. Introductioa 


The 8155/8156 is a general purpose ЦО com- 
ponent with 256 bytes of RAM. The RAM 
combined with I/O ports provide a single chip 
solution to the microprocessor based low end 
applications needing ЦО capabilities. А 3 
chip set 085, 8155 and 8355 provides CPU, 
2K ROM for program/constant storage and 
256 bytes RAM for working storage for stack 
and other data with 22 pins of О capability. 


CW 


FIG. 15.12. ADC CIRCUITS IMPLEMENTING THE ALGORITHMS 


OF FIG. 15.12. 
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Besides а timer provided in 8155 could be 
used to serve periodic events by interrupt ser- 
vicing. The present section is devoted to the 
study of 8155. Тһе 8156 is identical to 8155 
infunctions and pin layouts except that its 
chip enable is active high. This allows 8155 
and 8156 to be used in pair, whose chip selects 
are driven by a common address line without 
any external inverter which otherwise would 
have been required if both chips used were 
8155s. The 8155 has a CPU interface com- 
pletely compatible with the 8085 CPU, all 
lines to be connected pin to pin. Fig. 15.13 
shows the block diagram of the chip with 
function pin names. 


РСЗ [71 vcc 
РСА [12 PC2 

3 РС1 
ВЕбЕТГГ4 РСО 
РС5 C] 5 PB7 
TIMER OUT [7] 6 PB6 
10/M[] 7 PB5 
ж 8 Рв4 

ROT] 9 PB3 
WR PB2 
ALE РВ1 
ADO PBO 
AD1 PA7 
AD2 PA6 
AD3 PAS 
Ар4 РА4 
А05 РАЗ 
AD6 PA2 


PAI 


PAO 
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15.4.2. CPU Interface 

The chip provides an internal 11-4 |eteh 
in which AD7-ADO, Ю/М and CE lines are 
latched by the ALE signal The outputs of 
these latches provides Address liaes Атдф 
and CE and IO/M signals for the working of 
the memory and I/O sections. The accese to 


1/O section thus can be done only when ЮМ 
line is І. Memory section is accessible when 


IO/M line as 0. These accessés could occar 
only when, the СЁ (interna) line is active. 


The 8-bit address available internally (in the 
8-bit internal latch) provides the address of the 


memory location in RAM if JO/M signal of 


CS for 8155 
CS for 8156 


FIG. 15.13. THB 8153/8196 BLOCK DIAGRAM. 
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this chip із conuected to JO/M signal of 
8085 and shall provide separate ЏО addressing 
1.е., only IN or OUT instruction will be able 
to access the I/O ports. In the memory mapped 
1/0, one of the address line (usually Ais) is to 
be connected to the IO/M pin of 8155. This 
will give access to the chip’s I/O section for 
every instruction which refers to the memory 
locations having ‘1’ in bit Ais and other bits 
generating an active chip enable signal and 
address for the 1/0 or memory. 


15.4.3. 1/0 Section: Ports 

The 1/0 section of 8155 has 3 ports, PORT 
А, РОВТ В and PORT C. All these ports 
bave programmable direction control. The 
PORTS A and B could be operated іп the 
unstrobed or strobed mode with port C lines 
serving 88 handshake control signals. In the 
unstrobed mode all the three ports can operate 
independantly in the input or. output mode as 
programmed individually. There is also a 
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times in 8155 which has 16 bits of data transfer 
requirement from the CPU. Thus CPU has 
to address PORT A, PORT B, PORT C, 
TIMER HOB and TIMER LOB, and CON- 
TROL/STATUS. This requires З bit address 
for addressing these. Following table gives 
the addressing summary. Note tbat the 
mentioned entity is accessible only when the 


chip select is active and IO/M-1. 


The read production (RD=0, WR=1 and 
ТО|М--1) reads the data from а specified 
port/register, while write operation puts the 
data into the designated port/register. The 
command register gets a data byte during 
write operation which has the following 
meaning. 


The ports can operate in four alternatives 
ALTI to ALT4. In the alternative ALTI, 
port С operates іп unstrobed INPUT mode 
Also Ports À and B operate in unstrobed 
mode. Their direction is specified by PA and. 


Ss ——— 


—— —Ó 


Pu О INPUT 
ENABLE 00 ALT 1 { STE 

00 NOR INTERRUPTS 1 1 ALT2 1 OUTPUT 

ox TOP 01 ALT3 | 

1 0 5ТОРАРТЕВТС 10 A INPUT 

11 START ALT 4 1 OUTPUT 


Table II. Port C Pin Assignments 


OUTPUT 
OUTPUT 
OUTPUT 
OUTPUT 
OUTPUT 
OUTPUT 


INTRA (INTERRUPT) 
BFA (BUFFER FULL) 


STB (STROBE FOR A) 
OUTPUT 
OUTPUT 
OUTPUT 


АПТА ALT4 


INTRA INTRA 
BFA 
STB 
INTRB 
ВЕВВ 
STBB 
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PB bits in the command word. The ALT2 is 
same as ALTI, except that the port C operates 
аз unstrobed output port. In the ALT3, port 
А acts in the strobed IN or OUT as decided 
by PA bit in the command word. The port 
B operates in the unstrobed mode. The 
3lines PCo— РС» of the port C are used as 
control lines and the remaining three lines of 
the port C operate in the output mode. In 
ALT3, writing a byte into port C will not 
affect the pins РСо- РС» since they are used 
as control lines and thus these pins will not 
take part as port C lines. In the ALT 4, 
both the ports А and B operate in strobed 
mode andall the port C lines are used for 
control Іп this mode any access to рогі C 
may not give any meaningful гези! and thus 
may not be tried. Particularly you should not 
interpret port C read data as status. Table П 
shows the summary of the four alterna- 
tives in which the operational details are 
summarised for the four alternatives аз shown 
earlier in the Table of PORT C Pin assign- 
ment. The ports are addressed as shown 
below for data transfer. 


Note that a Read operation on a port con- 
figured as an output port will give the port 
‘data to the CPU. Also it is to be noted that 
output latch is cleared when a port enters the 
input mode and the output latch cannot be 


“OPERATION OF SELECTION 


COMMAND OR STATUS 
PORT A 
PORT B 


PORT C 
LOWER ORDER BYTE OF TIMER 


Higher Order Byte of TIMER 
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loaded by write operation if the port is confi- 
gured in the input mode. 

The 8155/8156 ports could be used in a 
various applications like those for which the 
8255 із used except that the 8255 could be 
used in a bidirectional bus mode with its A 
port. 

1544. I/O Section : Timer 


The 8155/8156 timer section provides а 
14 bit counter that counts TIMER IN pulses, 
and can provide modes like single square wave, 
continuous square wave, single pulse or conti- 
nuous pulses at TIMER OUT pin for each 
terminal count (TC) as shown in Fig. 15.14. 
The counter timer cycle (period) is divided 
into two parts, first part (TIMER OUT high) 
and second part (TIMER OUT LOW) for cash 
specified count length Тһе timer data (16-bit) 
consists of 2 bit timer mode specification and 
14 bit count length. If the count length is 
odd, the first half period is longer than the 
other half. Fig. 15.14 shows the timer out 
waveforms for a count of 9. 

The timer in 8155/8156 is designed to 
count one count cycle of length CNTL by 
counting twice the CNTL/2 in a down counter. 
Fig. 15.15 shows the schematic of the logic. 
The programmed CNTL is halved, tbe LSB 
going to flip-flop QA and remaining 13 bits to 
the down counter. The QA flip-flop con- 
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аа MD ET MIC TET ETE 


M2 MI 
MODE 


ТІЗ 42 Til TIO 79 T8 T7 T6 Т5 ТА T3 T2 Ті 
аР А 
COUNT LENGTH (CNTL) 


TO 


(CNTL) 


CNTL-9 


17,2/:3):4::55:6::1:8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 


П 


FIG. 15.14. TIMER MODES AND OUTPUT WAVEFORMS. 


texts із the remainder in dividing CNTL by 2. 
Thus in odd CNTL the first half cycle is longer 
than second half cycle. The counter has a 
flip-flop О» which is set to 1 normally. 

When the counter generates internal TC 
(ITC), Qr is toggled, The first toggling of Qr 
indicates the end of first half count period, and 
the counter is again loaded with CNTL/2 (Qa 
is kept at 0). Now again the counter counts 
and will generate the ITC, and Qr will be 
toggled from 0 to 1. This is the end of the 
count cycle. In mode 0/1, the О» is available 
вз TIMER OUT, while in mode 2/3 Qr gated 
with the clock and TC is availabie as the 
TIMER OUT signal. 


START 


| 


When the read operation is executed (after 
stopping the counter) on the timer, the two 
byte data obtained has the format illustrated 
in Fig. 15.16. 


Thus if one is interested in knowing the 
remaining count, the data obtained cannot be 
directly interpreted to mean that it represents 
the remainis^ count (counter was stooped by 
stop commend). The bits І to 13 signifies 
remaining cout іп an half cycle. Which half 
cycle was going on is indicated by bit 0(08) 
The remaining count is illustrated by Fig. 15.16. 


To obtain remaining count, thus the follow- 
ing steps are to be carried out. 


Remaining 


Stop the counter 


Remaining count ——————5] 


| Stop the counter 


FIG. 15.15. REMAINING COUNT ILLUSTRATION: 
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——— 


Mode 


LSB of COUNTLENGTH 


Mode 


FIG. 15.16. TIMER ARRANGEMENT SCHEMATIC 


Stop the counter. 

Read the 16-bit timer data. 

Remove mode bits (by ending 3FFFH). 
Rotate the 16 bit through CY 

If CY=0 the rotated quantity is the 
remain count. 

else (CY=1), add CNTL/2 to. the rotated 
quantity. The result shall give the remaining 
count. 

Example. Program the timer to give 
out a square wave of period 500 count in 
pulses. 

PROG 


t^» oto о 


FIVEH 
64H 


: LDA 
OUT 
LDA FIVEH-! 

OUT 65H 

ORI 40 

LDA СУУ8156 

АМІ ЗЕ 

МОУ В,А 

LDA TCOMD 

ORA B 

OUT 60H ; start timer 
RLT 

:DW 500 
DB XXXXXXB 
; as per the port configurations 

TCOMD : DB 1100000B ; start timer 


The programs could be written and tried 
out for the working of other modes of timer 


FIVEH 
CW8156 : 


and 1/О ports of 8155. It is left авап exer 

cise to the readers. 

15.4.5. Example on the 8155 Addressing 
To clear the understanding of tbe access Юю 

the chip's facility, an example is presented із 

the present section, through which the address- 

ing for 8155 is illustrated. 


As mentioned earlier, the signals CE and 
IO/M along with internal 8 bits of address 
lines A7— Ao (internal) determine the addressi- 
ble entity. 

Memory Mapped I О 

Assume А15 of address bus is connected 
to ТО/М and С5-Ам Азв-А15-Ал1-Ат0-А6-А6 
Thus CS is ‘0’ when HOB of address bus bas 
X110 0000 (X —don't care) pattern. 

This arrangement will address memory 
section of 8155 wben Ац--0 t.e., 0110 C000 
aaaa aaaa on the address bus. bere, аваааааа 
gives the location of RAM in the $155, the 
RAM will thus have addresses 

60aa (aa is the 8 bit address of location in 
RAM) 

The As line carrying a “І” will address /О 
section of the chip. Thus the addresses will 
have the following bit patterns for accessing 
the I/O section 

1110 0000 хххххааа (X don't care bit) 
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Thus the locations (addresses) ЕОХО, E0XI, 
Е0Х2, ЕОХЗ, Е0Х4, Е0Х5 will address the 
control/status, port А, port B, port C time 
LOB and timer НОВ respectively during any 
instruction refering to these addresses. Here x 
is don’t care Hex digit. 

The chip is supposed to be used only in the 
memory mapped mode for 1/0 section with the 
above arrangement. But it could be accessed by 
IN/OUT instructions partly as a side effect as 
follows. 


Any address in the IN or OUT instruction 
with 60 or EO shall generate chip select active 
(due to same 8-bit byte appearing on the LOB 
and HOB of the address bus) and thus IN 
60H will select chip for memory section and 
read data from the location 6060 і.е, RAM 
location 60 of 8155. Similarly OUT 60H will 
write into the RAM location 60H of 8155. IN 
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EO will select chip for I/O and get the data 
from the status register. OUT EO H similarly 
will put the data in the control register. Since 
chip will not be selected for other addresses, no 
data transfer can be done using IN or OUT 
with addresses other than 60H or EO. 
155. THE 8355, ROM AND I/O 

The 8355 provides 2K bytes of ROM and 
two 8-bit I/O ports whose individual О pins 
could be programmed as input pins or output 
pins. The I/O is basically in the unstrobed 
mode, і.е., a byte of data could be written or 
read from these ports without control mecha- 
nism for data ready and other signals, іе, 
equivalent to mode 0 of 8255. The block dia- 
gram of the 8355 is shown in Fig. 15.17. 


The chip has 2K bytes of ROM which is 
accessed by an 11 bit Address when both the 


chip selects are active and IO/M —0. Like 8155, 


GND 


FIG. 15.17. 8355 КОМ--1/0 
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the 8355 has internal latches for CE; СЁ», and 
IO/M and Ар;-Ао. These signals are latched 
by ALE signal into the 8355. The memory section 
is accessed when both the chip selects are active 
and ТО/М--0. The 11-ЫН address required to 
specify a location is available to the memory 
section (3 bits) from the external address pins 
Ав, Ag and Ajo, while the 8-bits from the lower 
ordered address byte latched into the chip by 
the ALE signal). The memory section gives out 
data in response to the signal RD. 

The 1/O section is accessed when 10/M=1 
and the chip selects are active. 

The bits А; Ao of the address are used to 
address the four registers as shown below. 


Eel 


Read Port 
Fig 15.18. Read Port. 


РА! 


date, Bus lines 


The DDR bits control the directions of the 
respective pins. The schematic of the рогі А 
with DDR controlling the direction is shown 
іп Fig. 15.18. Тһе configuration of a port pin 
is done as output when DDR bit is 1. The 
various other actions are visible from the 


Fig. 15.18. 
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The following program segment sets the 
ports A and B of 8355 in the pinwise 1/O mode. 
The first two pins of port A РА), РАд are to 
be configured in the input mode, Pin РАз in 
the output mode while the rest of them are In 
the input mode. Port B is to be configured in 
the output mode. 

RESET : LDA 

OUT 
LDA 
OUT 
RET 


DB 


CWA 
62H 
CWB 
63H 
CWA 00100000B 

(A port DDR setting) 
11111111B 

(B port DDR setting) 


The data from these ports now can be 
transferred if required. Since port A has indivi- 
dual pins configured, we shall keep the data 
word known to the program, which is present 
in the port, and modify the bits of this data 
byte to reflect new values on cortain bits if 
required. 

Also the port could be read to ascertain the 
values. The data read will reflect, the data on 
the I/O pins (whatever may be its direction). 


156. THE 8755 EPROM AND 1/0 


The 8755 is same functionally as 8355 
except that 8355 is ROM (already program- 
med, usually it holds 8085 system monitor) 
while 8755 is user programmable ROM. The 
8755 bas 1 additional pin (pin 5) which is 
unused in 8355 to be connected to Vdd for 
programming. The СЁ; pin acts as a program 


CWB DB 


— 


Ai Ao Port Register DDR bit; Direction 

0 0 Рогі А 1 ; th bit of port in OUTPUT 
0 1 Рогі В 0 ; th bit of port in INPUT 

1 0 Port А Data Direction Register (DDR) 

1 1 Port B Data Direction Register (DDR) 1 n 


ж 


pin. Тһе chip is programmed Бу addressing 
Фе memory section СЕ; is 1, 10/M —0 and the 
address supplied to it. A program pulse of 
50 ms duration is applied to PROG/CE, pin 
and at the same time Vdd is kept at 25V. The 


(а) 
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programming is done selectively byte wise. А 
program followed by read is advised. If any 
discrepancy is found in the programmed byte, 
it is programmed again. 


EXERCISES 


Write a program to configure the 8155 
for connecting ADC. Give your hard- 
ware schematic. 

Design a keyboard encoder using 8155. 
Give complete hardware and program 
details. 


. Write programs to configure and use 


the timer in 8155 in various modes. 


. Give hardware and program for using 


8255 in eny application you may think. 
The 8085 microprocessor does not 
support multiplication operation in its 
instruction set. It is desired to attach 
ea 9х8 hardware multiplier (which 
multiplies two 8 bit unsigned numbers 
to produce а 16 bit unsigned result) to 
the system through 1/О. 

Using appropriate peripheral chip/chips 
give the hardware design. Show only 


Ф) 


(с) 


6 


peripheral side of the lines and their 
usage. 


Give the peripheral initiallization pro- 
gram required to operate the above. 


Write a program using the above hard- 
ware to multiply two 16 bit unsigned 
numbers. 


Write а program to transfer 100 butes 
of data from Port A (strobbed input 
mode) to Port B (unstrobbed output 
mode) of 8155 using interrupt data 
transfer, Show the hardware connec- 
tions to obtain the interrupt and other 
control signals for the 8155 operation 
on the device side. Also write a Reset 
program to configure the 8155 for the 
above job. 
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